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Maruyama, Kazug, Chongliang Ye, Michael Woo, 

HARI VENKATACHARYA, LOIS D. LINES, MEREDITH M. SILVER, 

AND MARLENE Rabinovitch. Chronic hypoxic pulmonary hy- 
pertension in rats and increased elastolytic activity. Am. J. 
Physiol. 261 (Heart Circ. Physiol. 30): H1716-H1726, 1991.- 
Previously in rats injected with the toxin monocrotaline and 
administered SC-39026, a serine elastase inhibitor, pulmonary 
hypertension was decreased in association with reduced mus- 
cularization of peripheral pulmonary arteries. To determine 
whether inhibition of elastolytic activity might prevent this 
vascular change in other conditions producing pulmonary hy- 
pertension, we administered SC-39026 to rats during a 10-day 
exposure to chronic hyppbaric hypoxia. We also measured 
elastolytic activity in the central pulmonary arteries of rats 
using [ 3 H]elastin substrate and determined whether there was 
an increase in activity either as early as 2 days or at completion 
of the hypoxic exposure, which could be inhibited by SC-39026. 
To further determine whether the mechanism of musculariza- 
tion of peripheral arteries is modulated by degradation of 
elastin or other elastase-susceptible extracellular matrix pro- 
teins, we assessed desmosine excretion and ultrastructural al- 
terations in elastin as well as in type IV collagen, fibronectin, 
and laminin. SC-39026 reduced the number of muscularized 
arteries and the level of pulmonary arterial pressure during 
exposure to chronic hypoxia. Elastolytic activity was fourfold 
higher in central pulmonary arteries 2 days after hypoxia when 
compared with values in control vessels, and the activity was 
inhibited by SC-39026. In small peripheral pulmonary arteries 
there were no significant changes with hypoxia reflected in 
desmosines or in the immunocytochemistry of elastase-suscep- 
tible glycoproteins, with the exception of decreased laminin. 
This feature was not inhibited by SC-39026. To further assess 
whether the protective effect of SC-39026 was related to its 
inhibition of elastase, an extended study was carried out using 
a different elastase inhibitor, ai-proteinase inhibitor. An even 
greater reduction in hypoxia-induced pulmonary hypertension 
and vascular changes was observed with this elastase inhibitor 
and the latter included medial hypertrophy. 

elastase; elastin; type IV collagen; fibronectin; vascular smooth 
muscle cell differentiation; protein A-gold; immunoelectron 
microscopy 



CHRONIC HYPOXIA causes pulmonary hypertension and 
structural changes in the pulmonary vascular bed. These 
include muscularization of normally nonmuscular arter- 
ies and medial hypertrophy of muscular arterie* (19-21) 
associated with an increase in connective tissue proteins, 
elastin, and collagen (7, 15-17). In rats exposed tc 
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chronic hypoxia, Kerr et al. (7) have shown that inhibi- 
tion of collagen production in the pulmonary artery 
reduces medial hypertrophy and decreases the level of 
pulmonary arterial pressure. Although it has been shown 
that elastin synthesis is increased in the pulmonary 
artery of calves exposed to chronic hypoxia (15), frag- 
mentation of the internal elastic lamina (17) arid partial 
loss of the endothelial basement membrane (16) have 
also been observed in these large vessels in rats. This 
suggests that enzymes that degrade connective tissue 
proteins may also be important in causing the vascular 
changes. 

In recent studies we have shown that an inhibitor of 
elastolytic activity decreased muscularization of periph- 
eral normally nonmuscular pulmonary arteries and pul- 
monary hypertension in rats injected with the toxin 
monocrotaline. There was, however, no decrease in me- 
dial hypertrophy of muscular arteries (6) unless the 
intravenous analogue SC-37698 was infused continu- 
ously (33). We have subsequently related increased elas- 
tolytic activity in the central pulmonary arteries to the 
initiation and the progression of medial hypertrophy in 
the monocrotaline rat model (L. Todorovich-Hunter, H. 
Dodo, L. McCready, F. W. Keeley, and M. Rabinovitch, 
unpublished observations; 29). 

Muscularization of normally nonmuscular arteries is 
ascribed to the differentiation of pericytes to mature 
smooth muscle cells, and extracellular matrix compo- 
nents are modulators of cell differentiation or phenotype 
(14). Degradation of matrix components in the pulmo- 
nary artery wall by an elastase could induce differentia- 
tion of pericytes to smooth muscle cells. We hypothesized 
that, in the hypoxic as well as the monocrotaline model, 
degradation of elastin or perhaps some other matrix 
component such as type IV collagen (12), fibronectin 
(13), or laminin (4) or proteoglycans (24) by elastolytic 
activity might lead to differentiation of pericytes to ma- 
ture smooth muscle cells in normally nonmuscular pe- 
ripheral pulmonary arteries. 

To test this hypothesis, we administered a serine elas- 
tase inhibitor SC-39026 (6, 18) to rats during exposure 
to chronic hypoxia, and we assessed whether this de- 
creased the muscularization of small normally nonmus- 
cular pulmonary arteries as well as the medial hypertro- 
phy of muscular arteries and pulmonary hypertension. 
To further identify whether, in association with the 
vascular changes of chronic hypoxia, there was evidence 
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of elastolytic activity, we counted the number of breaks 
in the internal elastic lamina and the number of myoen- 
dothelial junctions in small muscular arteries. Since 
changes affecting many small peripheral arteries may be 
reflected by increased urinary excretion of desmosines 
(elastin cross-links), this amino acid was measured by 
Dr. Barry C. Starcher (University of Texas, Tyler, TX). 
We used immunoelectron microscopy to assess whether 
in small peripheral nonmuscular arteries the number and 
distribution of tropoelastin, type IV collagen, fibronectin, 
and laminin antigenic sites were altered by hypoxic ex- 
posure and by administration of the elastase inhibitor, 
SC-39026. To at least obtain indirect evidence of elas- 
tolytic activity in the peripheral arteries, we assessed 
cross-reactivity with a human neutrophil elastase anti- 
body* We then used a [ 3 H]elastin substrate to measure 
elastolytic activity in central pulmonary arteries at time 
points that preceded and were associated with the devel- 
opment of medial hypertrophy, with the view that differ- 
ences may reflect changes in peripheral vessels where 
application of the assay was not technically feasible. We 
also assessed whether the elastolytic activity, if in- 
creased, was inhibited in rats administered the elastase 
inhibitor SC-39026. In addition, we carried out an ex- 
tended study in which we administered a different elas- 
tase inhibitor, ai-proteinase inhibitor (Prolastin, Cutter 
Biologicals, Miles, Canada) during exposure to chronic 
hypoxia and assessed the subsequent effect on the sever- 
ity of pulmonary hypertension, judged by pulmonary 
arterial pressure, right ventricular hypertrophy, and pul- 
monary vascular changes. 

MATERIALS AND METHODS 

Hemodynamic studies. A neutrophil elastase inhibitor, 
d/-2-chloro-4-(l-hydroxyoctadecyl) benzoic acid (SC- 
39026), was kindly supplied by Dr. G. Puller (Searle, 
Skokie, IL) (18). For the hemodynamic, structural, and 
ultrastructural studies, 17 male Sprague-Dawley rats 
weighing 235-300 g were used (Charles River Breeding 
Laboratories, Ottawa, Ontario, Canada). Each animal 
was randomly assigned to one of four groups: rats ex- 
posed to hypobaric hypoxia for 10 days (air at 380 
mmHg) and gavaged with SC-39026 (Hypoxia/SC-I, n = 
5); rats exposed to hypobaric hypoxia for 10 days and 
gavaged with carboxymethylcellulose vehicle (Hypoxia/ 
V, n = 5); room air rats gavaged with SC-39026 (Air/SC- 
I, n - 3); and room air rats gavaged with vehicle (Air/V, 
n = 4). The animals gavaged with SC-39026, received 
twice daily 40 mg/kg of the compound suspended in 0.5 
ml 1% carboxymethylcellulose. Carboxymethylcellulose 
vehicle was prepared by dissolving 1 g of the compound 
(Sigma, St. Louis, MO) in 100 ml distilled water. Gavage 
was begun 12 h before the hypoxic exposure period and 
continued for 10 days, finishing on the morning of the 
eleventh day. Food and water were provided ad libitum 
through the duration of hypobaric hypoxia. The rats 
were removed from the hypobaric chamber twice daily 
for 15 min each time for the gavage. Six hours after the 
last gavage, blood samples (1 ml) were obtained under 
1.0% halothane anesthesia from the tail vein. The blood 
was immediately centrifuged and the plasma stored at 



-70°C for subsequent radioimmunoassay of the level of 
SC-39026 (carried out by Dr. R. Mueller at Searle, Sko- 
kie, IL). 

After the hypoxic exposure period, the rats were main- 
tained in room air for 18 h before catheterization to 
better tolerate the procedure. All rats were first anesthe- 
tized with pentobarbital sodium (33 mg/kg) given intra- 
peritoneally. This dose was supplemented as needed dur- 
ing the procedure in increments of 5 mg/kg. The pul- 
monary artery catheter was Silastic tubing (0.31 mm ID 
and 0.64 mm OD) and was inserted via a right external 
jugular vein into the pulmonary artery by a closed-chest 
technique as previously described (20). Pressures were 
monitored using a physiological transducer (MS20, Elec- 
tromedics, Englewood CO), an amplifier system (Inter- 
face 4600, Gould, Mississauga, Ontario, Canada), and a 
monitor (V1000, Gould). The aortic catheter was poly- 
ethylene tubing (PE-10, 0.28 mm ID and 0.61 mm OD), 
and it was inserted into the abdominal aorta under direct 
vision (19-21). Both catheters were passed under the 
skin and exteriorized at the back of the rat's neck. 

Forty-eight hours after catheterization, i.e., 66 h after 
removal from hypobaric hypoxia, with the rat fully con- 
scious, pressures were recorded (ES1000, Gould) from 
both the pulmonary artery and aorta. Blood samples, 0.5 
ml each, were obtained from the pulmonary and aortic 
catheters and Pao, Pa^ pH, and oxygen saturations were 
measured by a blood gas analyzer (Corning Glass Works, 
Medfield, MA). The hematocrit was determined from an 
additional 0.1 -ml sample. Oxygen consumption was 
measured as previously described with adjustments for 
standard pressure and temperature, and cardiac index 
was calculated (21). 

Preparation of king tissue for structural analysis. After 
the hemodynamic measurements were completed, the 
rats were mechanically ventilated (Harvard Rodent Ven- 
tilator model 683, S. Natik, MA) through a tracheostomy 
(tidal volume 3.5 ml, 75 breaths/min) under pentobar- 
bital sodium anesthesia (33-45 mg/kg). A midline ster- 
notomy was performed to expose the heart and lungs. 
Heparin (1,000 USP/ml) was injected (0.5 ml) into the 
right ventricular cavity and allowed to circulate for 2 
min. The main pulmonary artery was cannulated through 
a small right ventriculotomy incision with a 5-cm length 
of polyethylene tubing (PE-205 1.57 mm ID, 2.08 mm 
OD), which was secured in place with a 2.0 silk suture. 
The lung was then perfused with preheated (37°C) hep- 
arinized (0.5% vol/vol) phosphate-buffered saline (PBS) 
at 20 cmH 2 0 pressure to clear the blood, during which 
time the heart and lungs were removed en bloc while 
maintaining ventilation. The left pulmonary artery was 
then temporarily occluded, and the right lung was per- 
fused with fixative (1% glutaraldehyde and 4% formal- 
dehyde in 0.1 M phosphate buffer) at 20 cmH 2 0 pressure 
for 10 min. Ten blocks, approximately 1 mm 3 , were cut 
from the midportion of the right lung and placed in the 
same fixative for 24 h and then processed for transmis- 
sion electron microscopy, all as previously described (19- 
21). 

The left pulmonary artery was then undamped, per- 
fused with PBS for 1 min, and ipjected with a hot (60°C) 
radiopaque barium-gelatin mixture at 100 cmH 2 0 pies- 
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sure for 5 min. The pulmonary artery cannula was 
clamped and the lung was distended and fixed by perfu- 
sion through the tracheal tube with 10% Formalin at 36 
cmH 2 0 pressure for 72 h. A block of tissue 10 x 10 x 5 
mm, obtained from the midsection of the left lung, was 
processed for light microscopy by paraffin embedding. 
Sections were stained for elastin by the Van Gieson 
method. 

The right ventricle (RV) of the heart was dissected 
from the left ventricle plus septum (LV + S) and weighed 
separately. The ratios of RV/(LV + S) and RV (g)/body 
weight (kg) were calculated. 

Light microscopic analysis of pulmonary arteries. Light 
microscopic slides were analyzed without knowledge of 
the treatment group. All barium-filled arteries >15 /*m 
external diameter were assessed at 400x (50-85 arteries 
per rat). Each artery was first identified according to its 
accompanying airway, as being related to a terminal 
bronchiolus, respiratory bronchiolus, alveolar duct, or 
alveolar wall. Each artery was also identified as being 
one of three structural types: muscular (with a complete 
medial coat of muscle), partially muscular (with an in- 
complete coat, only a crescent of muscle being present), 
or nonmuscular (no muscle apparent). The percentage 
of muscular and partially muscular arteries at alveolar 
wall and alveolar duct level was determined. For all the 
muscular arteries between 50 and 100 nm in diameter 
(8-17, median 13, were found per section), the wall 
thickness of the media (distance between external and 
internal elastic laminae) was measured along the shortest 
curvature, and a percent wall thickness was calculated 
(19-21). In each of 10 consecutive fields at 250x, all 
arteries and alveoli were counted. Arterial density was 
expressed as the number of arteries per 100 alveoli 
(19-21). 

Transmission electron microscopic analysis of pulmo- 
nary arteries. The number of myoendothelial junctions 
and the number of breaks in the internal elastic lamina 
were counted in small muscular pulmonary arteries to 
determine whether there was evidence of elastolytic ac- 
tivity associated with the development of medial hyper- 
trophy 10 days after hypoxic exposure and whether this 
was altered by SC-39026. Because hemodynamic and 
light microscopic structural features failed to reveal any 
significant differences between Air/V and Air/SC-I 
groups, we combined tissue from both groups in ultra- 
structural analyses (Air/±SC-I). Tissue blocks were de- 
hydrated and embedded in Epon, and 1-jtm sections were 
cut and stained with toluidine blue. Blocks containing 
50-130-/an diameter small muscular pulmonary arteries 
were chosen, and ultrathin sections (600-900 A) were 
cut The latter were prepared on copper grids, stained 
with 5% uranyl acetate and 0.4% lead citrate, and viewed 
in a transmission electron microscope (Philips 201, Phil- 
ips Electronic Instruments, Mount Vernon, NY), Pho- 
tomicrographs of the entire circumference of four or five 
arteries from each group were taken at 2,240x magnifi- 
cation and printed at 17,500x magnification. The num- 
ber of myoendothelial junctions and the number of 
breaks in the internal elastic lamina were counted sepa- 
rately (the values were expressed per pm of internal 
elastic lamina). 



Immunocytochemical study of type IV collagen, elastin, 
fibronectin, laminin, and elastase. An additional nine rats 
were used in the immunocytochemical studies. For the 
reasons mentioned above, three groups of rats were stud- 
ied: Air, Hypoxia, and Hypoxia/SC-I (n = 3 rats per 
group). The rats were removed from the hypobaric cham- 
ber after 4 days, a time-point coincident with significant 
muscularization of peripheral pulmonary arteries (19). 
The lung was perfused as previously described for the 
ultrastructural studies, but the fixative was 0.1% glutar- 
aldehyde and 4% formaldehyde in 0.1 M phosphate 
buffer. Blocks (—1 mm 3 ) were cut from the midportion 
of the right lung and placed in the same fixative for 2 h 
and then embedded in Lowicryl K4M at 4°C (26). The 
right lower lobe was removed after perfusion with buffer, 
frozen in liquid nitrogen, and 5-/im sections were subse- 
quently prepared to determine whether there was cross- 
reactivity with human neutrophil elastase antibody, since 
an antibody to rat vascular elastase is not available. 

From Lowicryl-embedded tissue, 1-jim sections were 
cut and stained with toluidine blue, and those that in- 
cluded 20-40 /im small nonmuscular pulmonary arteries 
were chosen for ultrathin sections. To localize tropoelas- 
tin, type IV collagen, fibronectin, and laminin, a protein 
A-gold immunocytochemical postembedding technique 
was applied (26). Thin sections of arteries from all three 
rat groups, Air, Hypoxia, Hypoxia/SC-I, were labeled 
simultaneously with each antibody. Thin sections on 
nickel grids were incubated for 30 min in 3% bovine 
serum albumin, essentially globulin free (Sigma, St. 
Louis, MO), to block nonspecific binding of protein. The 
sections were then, without rinsing, incubated overnight 
at 4°C in one of the following: a 1:100 dilution of rabbit 
antibody raised against bovine tropoelastin (kindly sup- 
plied by Dr. Robert P. Mecham, Washington University, 
St. Louis, MO); a 1:4,000 dilution ot affinity purified 
goat antibody raised against human and bovine type IV 
collagen (Southern Biotechnology Associates, Birming- 
ham, AL); a 1:100 dilution of rabbit antibody raised 
against human fibronectin (Chemicon International, El 
Segundo, CA); or a 1:100 dilution of rabbit polyclonal 
antibody raised against mouse laminin (Collaborative 
Research, S. Natik, MA). The sections for type IV col- 
lagen were followed by 1-h incubation with 1:3,000 rabbit 
anti-goat immunoglobulin antibody (Dako, Denmark) 
applied directly to the grid. After being jet rinsed with 
PBS, the sections were incubated for 1 h at room tem- 
perature on drops of protein A-gold (grain size 20 nm). 
The sections were jet rinsed with distilled water and air 
dried before being counterstained with uranyl acetate 
and lead citrate. The specificity of the immunolabeling 
was assessed by substituting PBS for the primary anti- 
body and by free protein A before protein A-gold (26). 
We ascertained that the degree of nonspecific labeling 
was minimal and similar to the "background level" de- 
scribed below (i.e., the number of counts//cm 2 over nuclei 
and air spaces). Immunofluorescence on rat lung frozen 
sections and immunogold labeling as described above 
were carried out using human neutrophil elastase anti- 
body (kindly supplied by Dr. Robert P. Mecham), but it 
did not cross-react with rat pulmonary arterial wall 
elastase. 
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For each animal, 1-4 small 20- to 40-pm external 
diameter nonmuscular pulmonary arteries (Table 3) were 
photographed at 3,200x and printed at 25,000x magni- 
fication (Philips 201, Philips Electronic Instruments, 
Mount Vernon, NY). Photomicrographs were developed, 
and the negatives were analyzed using a semiautomatic 
computerized system (Interactive Image Analysis System 
IBAS-1, Zeiss, Thornwood, NY). The distribution of 
tropoelastin, type IV collagen, fibronectin, and laminin 
antigenic sites was compared, and the effect of hypoxic 
exposure (±SC-39026) was assessed. The number of gold 
particles reflecting tropoelastin and type IV collagen and 
laminin antigenic sites were counted on separate photo- 
micrographs and related to the surface area of the adja- 
cent or underlying single elastic lamina, planimeterized, 
and calculated by the IBAS-1 image analyzer. The num- 
ber of gold particles on air spaces and nuclei were also 
counted and calculated (per tim 2 ) as "background values." 
The background values, e.g., 0.84 ± 0.10 (SE) particles/ 
/ira 2 , 0.92 ± 0.07 particles//im 2 , and 1.51 ± 0.1 particles/ 
pm 2 , for tropoelastin, type IV collagen, and laminin 
antigenic sites, respectively, were then subtracted from 
the totals to calculate the number of particles per surface 
area. Fibronectin antigenic sites were observed largely in 
the regions between endothelial cells and pericytes thus 
making quantitative evaluation more problematic and 
therefore qualitative assessment only was carried out. 

Measurement of urine desmosine levels. An additional 
12 rats were used for measurement of desmosine in the 
urine (3, 11). As in the immunocytochemical studies, 
three groups of rats (n = 4 in each) were studied: Air, 
Hypoxia, and Hypoxia/SC-L The rats were placed in 
metabolic cages for an initial 24-h baseline period in 
room air, and urine was collected. The animals were then 
placed in room air or hypoxia, and urine was again 
collected after every 24-h period for up to 4 days. Each 
time, the bottom of the cage was rinsed with about 100 
ml of distilled water, which were then added to the total 
volume of urine. This diluted urine was immediately 
centrifuged, the volume of the supernatant was meas- 
ured, and the supernatant was then stored at — 20°C until 
the time of assay. Urine creatinine was determined using 
the Creatinine Analyzer 2 (Beckman, Fullerton, CA). To 
assay desmosine, the urine was hydrolyzed in 6 N HCl, 
the acid was then evaporated, and the hydrolysate was 
dissolved in assay buffer. Quantitation of desmosine was 
performed by radioimmunoassay as previously described 
(3, 11). The results of urine desmosine levels were de- 
scribed as a ratio of total desmosine to total creatinine 
[desmosine (pM)/creatinine (mg)]. 

Assay of elastolytic activity. An assay for elastolytic 
activity originally described by Hornebeck et. al (4) and 
modified by our group (8) was used. Central pulmonary 
arteries from hypoxia-exposed and room air rats were 
assayed together, and comparisons were made at the 2- 
day and 10-day time points. For each assay, pooled tissue 
from eight rats was used, and determinations of elastase 
activity were carried out in triplicate. Each assay was 
repeated three times at the 2-day and 10-day time points. 
Purified elastin was radiolabeled using [ 3 H]NaBH 4 (sp 
act 319 mCi/mmol, New England Nuclear, Boston, MA) 
and the [ 3 H]elastin substrate (sp act 2,126 cpm/jig elas- 



tin) used was a gift from Dr. Robert Senior and Gail 
Griffin, (Washington University, St. Louis, MO). 

The rats used were weight matched to those in the 
previous experiments and similarly randomly assigned 
to hypoxia or normoxia groups. To prepare the pulmo- 
nary artery tissue for assay, rats were killed and exsan- 
guinated using a guillotine. All dissections were done as 
rapidly as possible, taking -20 min per rat A midline 
sternotomy provided access to the central pulmonary 
artery and both right and left branches. The pulmonary 
artery was cannulated via the right ventricle, and both 
branches were probed to the hilum of each lung, cleared 
of debris, and then removed. The vessels were further 
cleaned of all adhering fat, blood, and loose connective 
tissues, weighed, washed with 1 ml of physiological saline 
(0.9% NaCl), vortexed, and then centrifuged at 1,500 g 
for 3 min at 4°C at least three times or until the super- 
natant was colorless. The pulmonary arteries were then 
finely minced with a razor blade and centrifuged at 1,500 
g for 5 min at 4°C, at least three times or until the 
supernatant was colorless, Le., blood was no longer ap- 
parent. Tissue from eight pulmonary arteries was pooled, 
500 $d 0.9% NaCl was added, and the mixture was ho- 
mogenized twice for 1.5 min on ice using a Polytron set 
at 10,000 rpm. The homogenates were centrifuged at 
2,800 g for 30 min at 4°C, the supernatants were dis- 
carded, and the pellet was used as the source of elastase. 
(In pilot studies, no elastolytic activity was found in the 
supernatants.) 

Extraction of elastolytic activity was carried out by 
adding 1 ml of 0.5 M Na acetate buffer, pH 4.0, and 
0.02% wt/vol sodium azide to the tissue pellet. The 
solution was mixed constantly overnight at 4°C then 
microcentrifuged at 10,000 g for 30 min at 4°C. The 
supernatant was collected and stored at — 70°C until 
needed, and the pellets were reextracted. The extracts 
were pooled, dialyzed against distilled H 2 0 overnight at 
4°C, and then lyophilized. To precipitate elastase, a 
solution of 60% saturated ammonium sulfate was added 
to the lyophilized tissue extract in an end volume of 500 
fiL The suspension was stirred for 1 h at room tempera- 
ture, placed at 4°C overnight, then microcentrifuged at 
8,160 g for 1 h at 4°C. The supernatant was discarded 
and the protein pellet resuspended, on ice, in 300 pi of 
50 mM tris(hydroxymethyl)aminomethane (Tris)-HCl 
assay buffer, pH 8.0, containing 150 mM NaCl, 10 mM 
CaCl 2 , 0.02% polyoxyethylene 23 lauiyl ether (Brij) and 
0.02% NaN 3 . 

To each Eppendorf assay vial, 20 $d of the substrate 
[ 3 H]elastin and 40 jd of the tissue sample were added, 
and the volume was adjusted to 220 §tl with Tris assay 
buffer. The samples were vortexed, incubated at 37°C for 
18 h, then microcentrifuged for 4 min at 8,160 g; 100-pl 
aliquots of the supernatant containing solubilized [ 3 H]- 
elastin fragments were mixed with 4 ml of ACS scintil- 
lation fluid and counted for 2 min (LKB, Wallac 1219 
Rackbeta counter, San Francisco, CA). Human leukocyte 
elastase (HLE) (Elastin Products, Pacific, MO) stan- 
dards in dilutions of 2.5-0.0375 ng, were also run with 
each tissue assay. To further characterize the elastase 
activity, inhibitors (10 /il) were preincubated with the 
tissue samples for 0.5 h at 37°C before adding the sub- 
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strate. The inhibitors used were 2 mM phenylmethylsul- 
fonyl fluoride (PMSF), 50 SC-39026, both serine- 
proteinase inhibitors, and 2 mM Na 2 EDTA, a metallo- 
proteinase inhibitor. The doses were chosen according to 
previously published reports (9) and Pseudomonas aeru- 
ginosa elastase (Elastin Products, St. Louis, MO) was 
used as a positive control for EDTA. 

We added 2 mM N-methylamine to all solutions to 
bind a 2 -macroglobulin. The latter is a potent elastase 
inhibitor normally bound to vascular endothelial cells. 
Our concern was that homogenizing the vessel would 
allow a 2 -macroglobulin to bind elastase and effectively 
reduce the activity measurable in the assay. We also used 
polypropylene tubes and transferred solutions with pol- 
ypropylene pipette tips, since elastase absorbs onto glass. 
Because of the results of our study, assays were subse- 
quently carried out in triplicate in groups of eight control 
and eight hypoxia rats at the 2-, 4-, 8-, 10-, and 14-day 
time points and only in rats administered SC-39026 
during hypoxia at the 2-day time point. The tissue was 
harvested 4-5 h after the last dose. The latter time point 
was chosen based on the pharmacokinetics of SC-39026 
as previously established (18). 

Studies with ^-proteinase inhibitor. To further con- 
firm that any protective effect of SC-39026 on hypoxic 
pulmonary hypertension was, in fact, related to inhibi- 
tion of elastolytic activity, we carried out similar exper- 
iments with a different elastase inhibitor, ai-proteinase 
inhibitor (Prolastin, kindly supplied by Mary Ann Lark 
and Stan Beck of Cutter Biologicals, Miles, and Etobi- 
coke, Ontario, Canada). This compound (A r PI) was 
given intravenously by an initial 200 mg/kg bolus and 
subsequent osmopump infusion of 120 mg-kg'^day" 1 
beginning 12 h before exposure to hypoxia or normoxia. 
This dose was based on previous experimental studies in 
the literature (2) and our own pilot work in which lower 
doses were initially tried but proved ineffective (data not 
shown). The osmopump (Alzet 2ml 1, Alza, Palo Alto, 
CA) was primed by overnight incubation in 0.9% NaCl 
and implanted under pentobarbital anesthesia as previ- 
ously described (21). Briefly, a catheter was first inserted 
into the left jugular vein and tunneled subcutaneously to 
the base of the skull where it was attached to the delivery 
port of the osmopump, which was then implanted at the 
back of the neck. The osmopumps were replaced with 
new fully primed pumps at 7 days and continued to 
infuse through the remaining 3 days of hypoxia and the 
time in normoxia until killed. We compared five rats 
infused with ArPI in hypoxia to three vehicle-infused 
hypoxia rats and three vehicle-infused room air control 
rats with respect to body weights, pulmonary and aortic 
pressures, right ventricular weights, and light micro- 
scopic morphometric analysis of the pulmonary arteries 
of the lung using the techniques and endpoints (exten- 
sion of muscle, medial hypertrophy, and number of bar- 
ium-filled arteries) previously described in this study. 
Only three room air/vehicle and three hypoxia/vehicle 
rats were chosen for these experiments, since the findings 
were in keeping with the previously studied rats from 
these groups in the SC-39026 study. 

Statistical analysis. The data were expressed as means 
± SE. For hemodynamic and light microscopic studies, 



data were analyzed statistically by a two-way analysis of 
variance to assess the effect of hypoxia and SC-39026 
treatment. Duncan's test of multiple comparisons was 
then used to establish which groups were different. Lin- 
ear regression analysis was used to detect whether, in 
individual hypoxic rats gavaged with SC-39026, there 
were correlations between the level of mean pulmonary 
arterial pressure and the severity of structural abnor- 
mality in the pulmonary arteries and the plasma SC- 
39026 levels. For transmission and immunocytochemical 
electron microscopic studies and the urine desmosine 
study, one-way analysis of variance (ANOVA) was used 
followed by Duncan's test of multiple comparisons when 
significant differences were found. One-way ANOVA 
followed by Tukey's test of multiple comparisons was 
used to assess differences in elastolytic activity between 
hypoxia and normoxia rats and hypoxia + SC-39026 rats 
at the 2-day time point and also to assess differences 
between the three groups in the A r PI study. Differences 
were considered statistically significant at P < 0.05. 

RESULTS 

Weight gain, hemodynamic assessments and right ven- 
tricular hypertrophy. Rats exposed to hypoxia lost weight 
during the first 7 days, but then they began to gain 
weight, whereas rats kept in room air gained weight 
steadily. Thus final body weights in hypoxia-exposed 
rats were ~80% of those room air rats (P < 0.01, 
ANOVA) (Table 1). SC-39026 had no significant effect 
on body weight in either group. Exposure to hypoxia also 
resulted in an increase in hematocrit (P < 0.01, ANOVA); 
a change unaffected by SC-39026 (Table 1). There were 
no significant differences in mean aortic pressure, car- 
diac output, and arterial blood gases among the four 
groups (Tables 1 and 2). 

All rats gavaged with SC-39026 had plasma levels 
ranging from 1.43 to 3.71 ng/mL These values are con- 
sidered in the therapeutic range (Searle Research and 
Development) and are comparable to those achieved in 
previous studies (6) (Table 2). Values in room air and 
hypoxia rats were similar. In both room air and hypoxia 
rats gavaged with vehicle only, plasma level values of 
SC-39026 were 0.04-0.29 ng/ml, in keeping with back- 
ground activity for the assay. 

Mean pulmonary arterial pressure. Exposure to 10 days 
of hypoxia caused significant pulmonary hypertension 
(P < 0.01, ANOVA) (Fig. 1). The mean pulmonary 
arterial pressure values of the room air rats gavaged with 
vehicle (Air/V) and SC-39026 (Air/SC-I) were 17.0 ± 1.2 
and 18.3 ± 1.5 mmHg, respectively. Hypoxia/V rats had 
values of 33.4 ± 1.2 mmHg, whereas in Hypoxia/SC-I 
rats, there was a slight but significant reduction to 29.0 
± 1.1 mmHg (P < 0.05). There was no significant cor- 
relation between the reduction in pulmonary arterial 
pressure and the plasma SC-39026 level. 

Right ventricular hypertrophy. Hypoxic exposure 
caused significant right ventricular hypertrophy (Table 
2). This was evident both by an increased ratio of RV/ 
(LV + S) and RV/body weight (P < 0.01 for both, 
ANOVA). SC-39026 had no effect on the development 
of right ventricular hypertrophy. 
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table 1. Body weight, hematocrit, and arterial blood pases 





n 


Initial 


Weighing 
7 Days 


Final 


Hematocrit, 
• % 


S»H 




ntoufg 


Air/V 


4 


275±10 


302±14 


311±14 


43±1 


7.46±0.02 


81±5 


37±2 


Air/SCI 


3 


291±6 


328±6 


333±7 


41±1 


7.4l±0.03 


80±8 


3fcfc3 


Hypoxia/V 


5 


290±4 


253±4* 


265±e* 


56±1* 


7.45±0lO1 


79±2 


36±2 


Hypoxia/SC-I 


5 


277±11 


242±9* 


253±10* 


55±1* 


7.46±0.01 


82±2 


40±1 



Values are means ± SE; n, number of rats. Final, body weights at the time of hemodynamic measurements, Le. f 10 days of hypoxk/Dormoxia 
+ 2 days after cardiac catheter placements; Air/V, room air rats gavaged with vehicle; Air/SOI, room air rata gavaged with SC-39026; Hypoxia/ 
V , rats exposed to hypoxia and gavaged with vehicle; Hypoxia/SC-I, rats exposed to hypoxia and gavaged with SC-39026; Pao. and Poco* arterial 
Ox and COj tensions, respectively. Blood gases were measured as described in materials and METHODS with the owttnnfa anesthetized just 
before beins killed *P < 0.01 compared with Air groups (ANOVA). 



TABLE 2. Hemodynamic measurements, structural assessments, and plasma SC-39026 levels 





n 


Mean Aortic 
Pressure, 
mmHg 


Cardiac Index, 
ml • kg" 1 * min -1 


OtCona, 
ml'kflf^nun' 1 


RV/(LV + S) 


RV/BW, 
g/kg 


Plasma SC-39026 
Leveb. 
ftg/ml 


% Medial WaU 
Thickness, 

% 


Afteriea/ 
100 Alveoli 


Air/V 


4 


109±5 


459±65 


30.4±1.4 


0.25±0.01 


0.48±0.01 


0.15±a05 




3L3±02 


Air/SC-I 


3 


105±5 


460±66 


32Afcl.6 


0-24±0.01 


0.48±0.01 


2S2±a74t 


2.6±06 


aat02 


Hypoxia/V 


5 


111±5 


517±41 


2&±2A 


0.41±O.O4t 


0.79±0.1t 


0.13±0.26 


5.8*05* 


25±04* 


Hypoxia/SC-I 


5 


112±5 


513±64 


24+1.2 


0.41±0.02t 


0^6±0.06t 






2.1±0.3* 



Values are means ± SE; n = number of rats. RV, right ventricle; LV + S, left ventricle + septum; B W, body weight For other definitions, see 
Table 1. Values for cardiac index are based on Os consumption (Oa Cons). * P < 0.01 compared with Air groups (ANOVA); t P < 0.01 compared 
with Air groups (ANOVA); $ P < 0.01 compared with vehicle groups (ANOVA). 



100 




Air Hypoxia 
V SC-I V SC-I 

fig. 1. Mean pulmonary arterial pressure values in 4 groups. Hy- 
poxia groups have significantly higher values than Air groups, **P < 
0.0001 (ANOVA) but Hypoxia/SC-I group was significantly lower than 
Hypoxia/V group, *P < 0.05 (Duncan's multiple range test). V, vehicle; 
SC-I, elastase inhibitor (SC-39026). Air/V, n «= 4; Air/SC-I, n = 3; 
Hypoxia/V, n = 5; Hypoxia/SC-I, n = 5. Values are means ± SE. 

Vascular changes on light microscopy. Hypoxia in- 
creased the percentage of muscular and partially mus- 
cular arteries in normally nonmuscular arteries at both 
alveolar wall and alveolar duct level (P < 0.01 for both, 
ANOVA) (Table 2, Fig. 2). There were ~3% alveolar wall 
arteries and -25% alveolar duct arteries muscularized in 
Air/V rats and similar values in Air/SC-I rats (Fig. 2). 
Hypoxia/V rats had -63% alveolar wall and -84% al- 
veolar duct arteries muscularized Hypoxia/SC-I rats had 
a decrease in muscularization of alveolar wall arteries of 
—25% (P < 0.05), and there was a trend toward a reduc- 
tion at alveolar duct level as well, but values did not 
reach statistical significance. 

Hypoxia increased the percent wall thickness of small 
normally muscular arteries assessed, i.e., those between 
50 and 100 »m external diameter (P < 0.01, ANOVA) 
(Table 2). SC-39026 had no effect on the increase in 
percent wall thickness induced by hypoxia (Table 2). 




v SC-I 

atvootar duct 

fig. 2. Percentage of muscularixed arteries at alveolar wall and duct 
level Hypoxia groups had abnormally increased muscularitation of 
arteries at alveolar wall and alveolar duct level compared with Air 
groups, **P < 0.0001 (ANOVA). Hypoxia/SC-I group compared with 
Hypoxia/V group had decreased muscularization at alveolar wall level, 
*P< 0.05 (Duncan's multiple range test) with a similar tiend at alveolar 
duct level, although not statistically significant. See Fig. 1 for abbre- 
viations and n values. Values are means ± SE. 

There was a decrease in the number of barium-filled 
arteries per 100 alveoli in hypoxia rats (P < 0.01, 
ANOVA), a feature also unaffected by SC-39026. 

Transmission electron microscopic analysis of small 
muscular arteries. In small muscular arteries (50-130 pm 
in diam) after 10 days of hypoxic exposure, no significant 
changes were observed in either the number of the 
myoendothelial junctions and contacts or in the number 
of breaks in the continuity of the internal elastic lamina 
(Table 3), which could suggest ongoing elastin degrada- 
tion. The numbers of myoendothelial junctions were few 
(1-3/vessel) but remarkably consistent per 100 {tin, 
whereas the number of breaks was higher (40-60/100 
#un). 

Immunocytochemical studies in nonmuscular arteries. 
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TABLE 3. Morpkometric assessment by transmission electron microscopy and immunoelectron microscopy 



Air/±SC-I 
Hypoxia/V 
Hypoxia/SC-1 



Transmission Electron Microscopy: Small 
Muscular Arteries (50-130 *m) 






Immunoelectron Microscopy: Nonmuscular 
Arteries (20-40 pm) 


• .» i No. of breaks of 
No. of myoendothelial eUffltic 

junctions/Mm Umina/Mm 




n 


Tropoelastin 
antigenic 
sites/Mm* 


n 


Type IV collagen 
antigenic 
sites/Mm' 


n 


Laminin antigenic 
sites/fim 3 


0.017±0.006 0.46±0.08 
0.017*0.007 0.58±0.U 
0.021±0.006 0.46±0.07 


Air 

Hypoxia 
Hypoxia/SC-I 


7 
5 
5 


34.4±1.8 
28.5±3.0 
29.3±1.2 


11 
7 
6 


4.37±0.59 
4.23±0.86 
6.18±0.69 


5 
9 
4 


27.31±0.38* 

21.96±1.30 

20.21±2.70 



Values are means ± SE; n = number of arteries from each group. In small muscular arteries (50-130 ftm) studied by transmission electron 
microscopy, Air/±SC-I group includes room eir rats with and without SC-39026, and Hypoxia/V group was rats exposed to hypoxia and gavaged 
with vehicle; in peripheral nonmuscular arteries (20-40 j*m) studied by immunoelectron microscopy the Air group was not given SC-39026 or 
vehicle, and the Hypoxia group was not given vehicle. • P < 0.05 from groups below. 



Protein A-gold particles reflecting tropoelastin antigenic 
sites were observed throughout the single elastic lamina 
(Fig. 3), whereas those for type IV collagen and laminin 
were found along the cytoplasmic membranes of cells 
along the edge of the internal elastic lamina. On the 
other hand, fibronectin antigenic sites were located 
mainly along the "junctional area" between endothelial 
cells and pericytes (Fig. 4). Hypoxia induced no signifi- 
cant changes in the number (Table 3) or in the distri- 




TO. 3. Immunogold labeling of tropoelastin in single elastic lamina 
in normally nonmuscular arteries. A: immunogold labeling of tropo- 
elastin in normally nonmuscular artery in a room air rat; B: 4 days of 
hypoxic exposure in a rat Tropoelastin antigenic sites are localized 
throughout lamina, there are no significant differences in quantity 
(see Table 3) and distribution between room air and hypoxic rats. End, 
endothelium; Peri, pericyte; EL, elastic lamina; arrow, gold particles 
demonstrating antigenic sites. Bar = 1 /im. 



bution of gold-labeled antigenic sites for fibronectin, 
collagen IV, or fibronectin, but there was a significant 
decrease in laminin, a feature unaffected by SC-39026 
(Table 3). 

Urine desmosine levels. Since urinary desmosine val- 
ues can be quite variable (11), we used each animal as its 
own control. There were no differences among the groups 
in the average or peak desmosine excreted in the urine 
when comparing the baseline value and subsequent 4- 
day room air or hypoxia exposure period (Table 4). 

Elastolytic activity. There was a four to ninefold in- 
crease in elastolytic activity expressed per segment or 
per milligram tissue in pulmonary arteries from rats after 
2 days of hypoxia compared with values from normoxia 
controls. At 10 days after exposure, values were not 
significantly different when expressed per segment pul- 
monary artery or per milligram pulmonary artery tissue 
when compared with normoxia controls. Elastolytic ac- 
tivity was inhibited by SC-39026 and PMSF but not by 
EDTA, confirming that it was a serine proteinase. In 
rats gavaged during 2 days of hypoxia with SC-39026, 
pulmonary artery elastolytic activity was reduced by 
50%, but values were still higher than in control rats. In 
other evaluated time points, there was a persistent in- 
crease in elastolytic activity at 4 days of hypoxic exposure 
but no increase at 8 or 14 days (data not shown). 

ct\-Proteinase inhibitor. Treatment with Ai-PI during 
hypoxia was associated with a reduced level of pulmonary 
arterial pressure of 24 ± 2 mmHg compared with 34 ± 1 
mmHg in Hypoxia-V rats (P < 0.01, Table 5). Pulmonary 
arterial pressure values in hypoxia/Ai-PI rats were 
slightly but not significantly higher that those in Air/V 
rats (19 ± 2 mmHg). Associated with the reduced pul- 
monary hypertension in Hypoxia/ArPI relative to Hy- 
poxia/V rats, right ventricular hypertrophy was less {P 

< 0.05), as were the extension of muscle into peripheral 
arteries and medial hypertrophy of muscular arteries (P 

< 0.01 for both comparisons), and there was a slight but 
significant improvement in the number of barium-filled 
arteries seen (P < 0.05). Pulmonary vascular abnormal- 
ities and right ventricular hypertrophy were still appar- 
ent in Hypoxia/ArPI relative to room air rats (P < 0.05 
for each comparison), although less than in Hypoxia/V 
rats. 



DISCUSSION 

SC-39026 when administered to rats by gavage during 
a 10-day exposure to hypoxia results in a slight but 
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FIG. 4. Immunogold labeling of fibronectin in normally nonmuscular arteries. A: immunogold labeling of fibronectin 
in a normally nonmuscular artery in a room air rat; B: 4 days of hypoxic exposure in a rat. Fibronectin antigenic sites 
are located mainly along "junctional area" between endothelial cells and pericytes. Hypoxia induced no significant 
changes in distribution of fibronectin. Elastic lamina appears to be split along the process of pericyte but was not 
continuous around vessel wall as a double lamina. See Fig. 3 for abbreviations. Bar = 1 pm. 



significant decrease in the severity of pulmonary hyper- 
tension associated with a more marked reduction in the 
number of peripheral arteries muscularized at alveolar 
wall level. This is likely a reflection of the fact that other 
factors that contribute to the elevation in pulmonary 
vascular resistance such as hematocrit were not reduced 
by administration of the elastase inhibitor. There is, 
however, no significant effect of SC-39026 on medial wall 
thickness of the more proximal muscular arteries or on 
right ventricular hypertrophy. Transmission and immu- 
noelectron microscopic studies and desmosine levels did 
not provide evidence of degradation of elastin or other 
extracellular matrix proteins before or coincident with 
morphologic evidence of smooth muscle differentiation 
and hypertrophy. Elastolytic activity determined in cen- 
tral pulmonary arteries was, however, higher in vessels 
of rats after only 2-day exposure to chronic hypoxia but 
returned to control values by 8 days. We also confirmed 
that increased elastolytic activity measured in large cen- 
tral pulmonary arteries was less in rats treated with SC- 
39026. 

Urinary desmosine levels were not increased in asso- 
ciation with the increase in pulmonary artery elastolytic 
activity, but this may mean that the degraded elastin 
remained in the vessel wall as has been shown in other 
studies (27) or that the increase contributed little to 
overall elastin synthesis/degradation balance from other 
organs, e.g., skin, etc. In extended studies where we 



infused a different elastase inhibitor ai -proteinase inhib- 
itor (Ai-PI) in rats during exposure to chronic hypoxia, 
we reduced pulmonary hypertension, and the latter agent 
and/or method of administration appeared even more 
effective judged by further reduction in pulmonary arte- 
rial pressure, right ventricular hypertrophy, and vascular 
changes, including extension of muscle into peripheral 
arteries, as well as medial hypertrophy of muscular ar- 
teries. We also achieved slightly less reduction in the 
number of barium-filled arteries. This feature, the re- 
duced number of barium-filled peripheral pulmonary ar- 
teries associated with exposure to hypoxia, has been 
reported previously by our group (19-21). While we do 
not know the mechanism, it may reflect resorption of 
partially occluded arteries as has been described in the 
rabbit ear chamber (25). It is possible that this is also a 
response associated with degradation of extracellular 
matrix components. Alternatively, this may reflect the 
presence of peripheral arteries partially occluded by swol- 
len endothelial cells that do not fill with barium and are 
more difficult to appreciate. 

In the monocrotaline model of pulmonary hyperten- 
sion, structural changes precede the development of pul- 
monary hypertension (23), whereas in the hypoxic model, 
pulmonary vasoconstriction precedes the vascular abnor- 
malities (20, 21). Despite the differences in etiology, the 
vascular changes (i.e., medial hypertrophy of normally 
muscular arteries and abnormal muscularization of nor- 
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2 Days 10 Days 



Days of Hypoxia Exposure 

fig. 5. Steatolytic activity in central pulmonary arteries after hy- 
poxia exposure. Elastolytic activity expressed per pulmonary artery 
segment (seg/PA) as units (U) of human neutrophil (leukocyte) elastase 
(HLE) standard. Values from vessels of room air rats are denoted by 
open bars and values from vessels of hypoxia rats by solid bars. 
Triplicate assessments were made from 8 pooled pulmonary arteries at 
each time poiat, and assays were repeated 3 times at the 2-day and 
twice at the 10-day time point Bars are means ± SE from 9 values at 
2 days and from 6 values at 10 days. There were 3 values obtained from 
pooled arteries from 8 SC-39026 (SC-I)-treated hypoxia rats (hatched 
bar). Significantly higher elastolytic activity is evident in vessels from 
rats after 2 days of hypoxia when compared with normoxia controls 
[***P < 0.001), but values are significantly reduced in hypoxia SC-I 
rats i*P < 0.05). Values from hypoxia and nor moxia rats at 10 days 
are similar to 2-day controls. 



TABLE 4. Urine desmosine levels 









Day 






1 


2 


3 


4 


S 


Air 


341±61 


456±50* 


377±77* 


498±46 


391*114 


Hypoxia 


829±251 


677±107 


690±143 


628±195 


706±164 


Hypoxia/SC-I 


654t 


949±74 


638±86 


664±52 


604±48 



Values are means ± SE of 4 values (n). * mean of 2 values; t mean 
± SE of 3 values. Technical difficulties precluded assay of some 
specimens. Day 1 is baseline, days 2-5 represent air or hypoxia expo- 
sure. Units are in pM desmosine/mg creatinine. 



raally nonmuscular arteries) are similar. In both models, 
abnormal muscularization of alveolar wall arteries was 
significantly reduced by SC-39026 (6), suggesting a com- 
mon mechanism at the cellular level. 

In normally nonmuscular small arteries, pericytes are 
located in the subendothelium (17). The function of 
pericytes remains unclear, but they appear to differen- 
tiate normally to mature smooth muscle cells as the 
vessel grows in size (17) and abnormally in all conditions 
producing, pulmonary hypertension. This results in a 
medial layer of smooth muscle in previously nonmuscular 
peripheral arteries (mostly <50 jim, 17). On the other 



hand, the increase in medial wall thickness, which is 
measured in more proximal normally muscular arteries, 
i.e., >50 ^m, refle^ 

preexisting smooth muscle cells. Both m monocrotaline 
and hypoxia-induced jn^onary h^i^naion models, 
SC-39026 did not reduce the medial hypertrophy of nor-' 
mally muscular arteries, despite the fact that elastolytic 
activity was increased in the large central pulmonary 
arteries as early as 2 days after exposure to hypoxia and 
at a similar time point after injection of mohocrotaline 
(28). However, the activity measured in the tissue is 
inhibited by SC-39026. This suggests that a higher dose 
or more constant level of elastase inhibitor may be nec- 
essary to prevent medial hypertrophy, and this is sup- 
ported by more recent studies in our laboratory in mon- 
ocrotaline-injected rats and in which we have shown that 
SC-37698, the intravenous analogue of SC-39026 (33), 
effectively reduces medial hypertrophy. It is also sup- 
ported by the fact that a different elastase inhibitor (A t - 
PI) given intravenously at high dose results in a 
tion in medial hypertrophy. With Ai-PI there is a more 
impressive reduction in the level of pulmonary arterial 
pressure in keeping with the more effective inhibition of 
structural changes with elastase inhibitors, especially the 
severity of extension of muscle into peripheral arteries. 

Both abnormal "extension" of smooth muscle into 
distal vessels and medial hypertrophy of proximal mus- 
cular pulmonary arteries during hypoxia are caused by 
altered flow and pressure rather than by the direct effect 
of low oxygen tension (20). It is conceivable that the 
increase in pressure or in stress on the endothelial cell 
or directly on the pericyte or smooth muscle cell results 
in the production of a mediator that induces differentia- 
tion or hypertrophy. It has been shown that enzymes 
with elastolytic activity degrade the extracellular matrix, 
and this could induce changes in cell phenotype (14). 
The increased central pulmonary artery elastolytic activ- 
ity, which we documented just 2 days after exposure to 
hypoxia, may also occur in intrapulmonary vessels and 
if so, would support this enzyme's involvement in the 
pathogenesis of pulmonary vascular changes that occur 
early after exposure to chronic hypoxia. Unfortunately, 
given the present methodology, it is not possible to 
measure elastolytic activity immunochemical^ or bio- 
chemically in peripheral vessels. It is therefore entirely 
possible that the mechanism of muscularization of pe- 
ripheral arteries is unrelated to elastolytic activity and 
that SC-39026 is having some other effect on small 
arteries related to the inhibition of differentiation of 
muscle from precursor cells. 

Indirect assessments of elastolytic activity in small 
arteries using mozphometric electron and immunoelec- 
tron microscopy and desmosine levels were negative. 
Because neutrophil elastase degrades the cross-linked 
region of elastin (32), elastase might actually expose 
more tropoelastin antigenic sites, but we saw neither an 
increase nor a decrease in chronically hypoxic rats. Pro- 
teolytically damaged elastin may be reincorporated into 
intact elastin during the repair process - (27). If this 
happens in the chronic hypoxic model, there may not be 
a change in the number of tropoelastin antigenic sites 
nor an increase in desmosine in urine, because damaged 
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table 5. Body weight, hemodynamic measurements, and structural assessments 
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Weight, 
g 



Initial 



Final 



Mean Pulmonary 

Arterial 
Pressure, mmHg 



Mean Aortic 
Pressure, 
mmHg 



RV/(LV + S) 



Medial Wall 
Thickness, 
% 



Muscular Arteries 
Alveokr.fc 



Duct 



Wall 



Arteries/100 
Alveoli 



Air/V 3 259±5 314±6 19±2 

Hypoxia/ V 3 267±4 244±0.3* 34±1 
Hypoxia/ArPI 5 262±5 225±10* 24±2j 



11016 0.3Q±0.02 2.6±0.6 30±0.5 4±0.1 6.4±0.3 
103±3 0.55±0.06* 5.4±0.7* 90±2.1* 59±2.7* 23±0.1* 
108±4 0.40±0.04t§ 4.2±0.9|§ 62±1.7» 29±1.5t§ 2a±0.2t§ 



Values are means ± SE; n = number of rats. Initial, weight run to exposure; Final, weight at the time of hemodynamic assessment, Le. r after 
10 days of hypoxia/normoxia exposure and 2 days after cardiac catheter placement; Air/V, room air rats infused with vehicle; Hypoxia/V, rats 
exposed to hypoxia and infused with vehicle; Hypoxia/A r PI, rats exposed to hypoxia and infused with A r PL Ai-PI: ai-proteinase inhibitor 
(Prolastin, Cutter Biologicals, Miles, Canada). * P < 0.01 compared with Air/Vehicle group (ANOVA); t P < 0.05 compared with Hypoxia/ 
Vehicle group (ANOVA); %P< 0.01 compared with Hypoxia/Vehicle group ( ANOVA); § P < 0.05 compared with Air/Vehicle group (ANOVA). 



elastin remains in the vessel wall. If elastase was inducing 
pericyte differentiation to smooth muscle cells by de- 
grading type IV collagen, fibronectin, or laminin, we 
would have expected to see a decrease in the number or 
at least an alteration in the distribution of antigenic 
sites. The only difference observed, namely the decrease 
in laminin sites with hypoxia, was not influenced by SC- 
39026 administration. Since we specifically evaluated 
nonmuscular peripheral arteries, it is possible that the 
changes in matrix proteins were occurring early and had 
vanished even before there was morphological evidence 
of cell differentiation or that the number of vessels 
examined and the time points chosen were not sensitive 
enough as endpoints. 

Fragmentation of the internal elastic lamina of the 
hypertrophied large hilar pulmonary artery has been 
observed qualitatively in rats exposed to chronic hypoxia 
(17) and quantified as an early abnormality in the mon- 
ocrotaline model (28), and this suggested increased elas- 
tolytic activity. We therefore chose a time when hyper- 
trophy was evident, i.e., 10 days of exposure, to count 
the number of breaks in the elastic lamina and the 
number of myoendothelial junctions in small muscular 
arteries, but it is possible that the repair mechanism may 
have been complete. 

Since the increased vascular elastolytic activity meas- 
ured was inhibited by SC-39026, we have at least sup- 
portive evidence that this enzyme may play a contribut- 
ing role in the pathogenesis of the hypoxia-induced pul- 
monary arterial changes. We cannot, for certain, rule out 
the possibility that some other mechanism is involved 
and the elastase inhibitor we used has other unrelated 
properties. Our most recent studies in monocrotaline- 
injected rats would, however, indicate that increased 
central pulmonary artery elastolytic activity not only 
precedes vascular changes but is predictive of progression 
versus regression (33). The lack of inhibition of medial 
hypertrophy in SC-39026-treated hypoxic rats, despite 
the reduced elastolytic activity in large arteries, requires 
explanation. It is possible that the increased elastolytic 
activity in the central pulmonary arteries of hypoxic rats 
is not directly related to the subsequent development of 
medial hypertrophy or alternatively, since the compound 
was administered orally, a continuous level of inhibition 
was not maintained. We favor the latter explanation, 
since monocrotaline-injected rats given SC-39026 (6) 
developed medial hypertrophy, whereas those given the 
analogue SC-37698 intravenously were protected (33), as 
were the hypoxic rats in this study that were adminis- 



tered Ai-PI by continuous infusion. 

The source of the elastolytic activity is unknown. 
Elastases are found in neutrophils (1), platelets (10), 
macrophages (30), smooth muscle cells (5), and endothe- 
lial cells (31). Smooth muscle cells produce a serine 
elastase, which may induce elastin degradation in sys- 
temic arteries in association with atherosclerosis (22). 
Neutrophils have not been found adherent to or inside 
the artery wall of chronically hypoxic rats either in this 
study or in the work of others (16, 17). Increased endo- 
thelial elastase has also been suggested by immunocyto- 
chemical studies in rats with spontaneous hypertension 
(31). Hypoxic injury to alveolar macrophages might cause 
the release of an elastase (1), but this would not explain 
why alveolar structural changes are absent We tried to 
detect elastolytic activity in the small pulmonary arteries 
using a human neutrophil elastase antibody with immu- 
nofluorescence and immunogold electron microscopy. 
The human neutrophil elastase antibody did not cross- 
react with the elastase in rat pulmonary artery wall. The 
purification of an elastase from rat pulmonary artery 
and the production of a specific antibody will allow more 
direct investigation of the role of elastolytic activity in 
hypoxia-induced muscularization of peripheral arteries. 
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Abstract 

The relations of biological markers of extracellular matrix (plasma elastin peptides and elastase inhibitors) to the clinical history 
of cardiovascular diseases and risk factors for atherosclerosis were examined in a large population study (the EVA Study) on 
vascular and cognitive aging performed in 1389 men and women aged 59-71 years. A moderate decrease in elastin peptides was 
observed in women with a self-reported history of coronary heart disease (P < 0.091) and stroke (P < 0.03) as well as with diabetes 
(P < 0.043). Similar but non-significant trends were found in men. Furthermore, elastin peptides were significantly and positively 
correlated to HDL-cholesterol and apolipoprotein A I in both sexes. On the other hand, elastase inhibitor titers were significantly 
higher in women than in men. A moderate increase was also found in men (P < 0.097) and women (P < 0.068) with a history of 
coronary heart disease that reached significance level after pooling both sexes (P< 0.014). Furthermore, elastase inhibitor titers 
were significantly and positively related to fibrinogen and C reactive protein in either sex. No consistent associations were 
observed between both biological markers of extracellular matrix and age, blood pressure, body mass index and tobacco or 
alcohol consumption. These results suggest that a decrease in elastin peptides and an increase in elastase inhibitors might be 
associated with risk factors of atherogenesis as well as with atherosclerosis-related diseases. © 1997 Elsevier Ireland Science Ltd. 

Keywords; Aging; Arteriosclerosis; Elastin; Elastases; Elastin peptides; Elastase inhibitors; Epidemiology 



1. Introduction 

The purpose of this study was to investigate the 
possible significance of serial determinations of serum 
constituents related to the degradation of extracellular 
matrix components of the vascular wall during aging 
and the development of arteriosclerosis and their corre- 
lation to other atherosclerotic risk factors. It was 
shown by several investigators that vascular extracellu- 
lar matrix and especially elastin fibers are degraded 
during aging and atherogenesis [1,2]. 

The loss of elasticity and increasing rigidity of the 
aging arterial wall can be attributed to loss of elastin 
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fiber integrity and stiffening of the collagen fiber net- 
work by maintained or increased synthesis and 
crosslinking by the Maillard reaction [3]. The loss of 
vascular elasticity, the so called Vindkessel' effect, is 
considered as one of the factors leading progressively to 
severe arteriosclerosis and heart insufficiency in elderly 
patients [4,5]. Elastase type enzymes attacking elastic 
fibers, present on smooth muscle cells [6] endothelial 
cells [7] and also in the serum [8] can also attack other 
matrix components and especially fibronectin [9]. 
Among the parameters which might be related to this 
process and amenable to serial clinical determinations 
are the plasma concentration of elastin degradation 
products, elastin peptides, and serum elastase in- 
hibitors. A previous study described similar investiga- 
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tions with serum elastase liters [8] and correlations with 
lung emphysema and atherosclerosis have been re- 
ported [10-12]. We also proposed an ELISA-procedure 
for plasma elastin peptide determinations and a serial 
procedure for serum elastase inhibitor determinations 
[12,13]. In a previous study on 270 subjects elevated 
levels of elastin peptides were found in some hyperlipi- 
demias and obstructive arteriopathies [12]. 

In the present study, we applied these procedures to 
the determination of elastin peptides, and elastase in- 
hibitors in the sera of a larger population of elderly 
males and females as part of an epidemiological study 
on vascular and cognitive aging, the EVA Study [8,14]. 
We aimed to assess the cross sectional associations 
between these blood born parameters related to the 
extracellular matrix of the vessel wall and the clinical 
history of cardiovascular disease and risk factors. 



2. Materials and methods 

2.1. Study population 

The EVA Study is a 4-year longitudinal study on 
cognitive and vascular aging [8,14]. The study popula- 
tion was composed of volunteers aged 59-71 years 
recruited from electoral rolls of the City of Nantes 
(Western France) and, to a lesser extent, via informa- 
tion campaigns. When a subject was recruited, his or 
her spouse was systematically asked to participate in 
the study if he or she was in the desirable age range. 
During the baseline visit which took place between June 
1991 and July 1993, 1389 subjects were recruited. The 
study protocol was approved by the Comite d'ethique 
du Centre Hospitalier Universitaire de Kremlin-Bicetre 
and written informed consent was obtained from all 
participants. 

All participants were administered a standardized 
questionnaire which gave information about demo- 
graphic background, occupation, medical history, drug 
use and personal habits such as cigarette and alcohol 
consumptions. With respect to smoking behavior, sub- 
jects were classified as current smokers, former smokers 
and non-smokers. Alcohol consumption was deter- 
mined from the subjects estimate of the average 
amount of alcoholic beverages ingested weekly and 
expressed in ml/alcohol/day. Two independent mea- 
surements of systolic and diastolic blood pressure were 
made with a digital electronic tensiometer (SP9 Spen- 
gler) after a 10 min rest and the mean was used in the 
analysis. Body mass index was computed as weight 
divided by height squared (kg/m 2 ). Hypertension was 
defined as systolic blood pressure ^ 160 mmHg or 
diastolic blood pressure ^ 95 mmHg or use of antihy- 
pertensive drugs. A self-reported history of coronary 
heart disease (myocardial infarction or angina pectoris) 



and stroke was also recorded. A subject was considered 
diabetic if he/she reported a medical history of diabetes 
or use of antidiabetic drugs or had a fasting plasma 
glucose level ^ 1.40 g/1. 

2.2. Laboratory procedures 

2.2 J. Standard biochemical parameters 

Methods of determination of total cholesterol, HDL 
cholesterol, apolipoprotein Al and B and triglycerides 
are described elsewhere [8,14]. 

222. Elastin peptides 

Elastin peptides were determined by ELISA proce- 
dures as previously described [12] with some modifica- 
tions [13]. The specificity of the monoclonal antibody 
used (Al, 2) are also described elsewhere [15]. 

2.2.3. Serum elastase inhibitor titers 

The determination of elastase inhibitor titers is de- 
scribed in detail in [13]. Briefly, 10 u\ of serum samples 
were pipetted in 5 ml polypropylene centrifuge tubes, 
100 p\ of pancreatic elastase is added (type IV Sigma, 
20 U/ml) with 10 p\ of an elastin fiber suspension (200 
mg/ml) kept at constant agitation in order to assure a 
uniform distribution of the fibers during pipetting. The 
tubes were incubated for 2 h at 37°C with constant 
shaking then centrifuged at 5000 rpm for 10 min at 4°C 
and the radioactivity of the supenatent measured in a 
1209 Rack ft counter (Pharmacia). Inhibitory titers 
were calculated from the ratio of radioactivity released 
in the absence of serum to activities determined in the 
presence of serum. All determinations were carried out 
in duplicate and expressed as % inhibition. 

Methods for determinations of the other blood 
parameters are described in [8,14], 

23. Statistical analysis 

Standard procedures from the Statistical Analysis 
System (SAS, Cary, NC) were used. Differences in 
mean values of elastin peptides and elastase inhibitor 
titers across categories were tested by ANOVA. Pear- 
son's correlation coefficients were used to assess the 
associations between these biological parameters and 
quantitative variables. Triglycerides were log-trans- 
formed for statistical testing [8,14]. 



3. Results 

As indicated in Fig. 1, there were no sex differences 
in the distribution or in the mean levels of elastin 
peptides (8.31 ±4.43 versus 8.39 ±4.40 pig/ml in men 
and women respectively). Mean values of elastin pep- 
tides according to the presence of a self-reported his- 
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Fig. I .' Distribution of elastin peptide concentrations in the EVA population. 



tory of coronary heart disease and stroke, of hyperten- 
sion and diabetes are shown in Table 1 . Significant or 
borderline negative associations were observed between 
the presence of coronary heart disease, stroke and 
diabetes and the levels of elastin peptides in women. In 
men, similar but non significant trends were found with 
a history of coronary heart disease and stroke. When 
both sexes were pooled, the association with stroke was 
significant (sex-adjusted mean ± S.E.M.: 8.40 ±0.13 
versus 6.50 ± 0.82 ig/ml, P < 0.022) but the association 



Table 1 

Mean values of plasma elastin peptides according to the clinical 
history of cardiovascular disease, hypertension and diabetes 



Men 



Women 



mean±S.D. n mean±S.D, 



Coronary heart diseaes 










No 


471 


8.37 ±4.49 


690 


8.45 ±4.45 


Yes 


41 


7.69 ± 3.66 


38 


7.21 ±3.26 






NS 




P< 0.091 


Stroke 










No 


499 


8.35 ±4.44 


712 


8.44 ±4.41 


Yes 


13 


7.03 ±3.79 


16 


6.06 ± 3.24 






NS 




P<0.03 


Hypertension 










No 


316 


8.51 ±4.64 


519 


8.52 ±4.41 


Yes 


196 


8.00 ± 4.06 


209 


8.08x4.38 






NS 




NS 


Diabetes 










No 


466 


8.32 ±4.41 


709 


8.44 ±4.43 


Yes 


46 


8.24 ± 4.67 


19 


6.36 ± 2.69 






NS 




P< 0.043 



with coronary heart disease fell short of significance 
(sex-adjusted mean ± S.E.M.: 8.42 ±0.13 versus 7.47 ± 
0.50 ^g/ml, P< 0.064). Elastin peptides were not sig- 
nificantly associated with age, body mass index, blood 
pressure or tobacco and alcohol consumption. Correla- 
tion coefficients with lipid parameters, fibrinogen and C 
reactive protein are presented in Table 2. In either sex, 
elastin peptides were positively and significantly related 
to HDL cholesterol and apolipoprotein Al, whereas 
they were negatively related to triglycerides and 
apolipoprotein B in men only. 

As shown in Fig. 2, the distribution curve of elastin 
inhibitor titers was slightly shifted to lower values in 
men with mean values significantly lower in men than 



Table 2 

Correlation coefficients between plasma elastin peptides, elastase 
inhibitors and biological risk factors for atherosclerosis 



Elastin peptides Elastase inhibitors 





Men 


Women 


Men 


Women 


Total cholesterol 


-0.01 


0.03 


-0.10* 


-0,03 


HDL-cholesterol 


0.23* 


0.13 


-0.04 


0.02 


LDL-cholesterol 


-0.08 


0.00 


0.11* 


-0.02 


Apoprotein Al 


0. 18** 


0.08* 


0.07 


-0.05 


Apoprotein B 


-0.15** 


- 0.04 


0.06 


0.08* 


Triglycerides 


-0.10* 


-0.07 


0.05 


0.05 


Fibrinogen 


0.00 


0.05 


0.31** 


0. 










12** 


C reactive protein 


-0.06 


0.00 


0. 17** 


0. 










18** 



*/*<0.05; **P<0.00l; ** P<0.0l. Because of missing data, the 
number of subjects ranged from 497 to 529 in men and from 698 to 
732 in women. 
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Fig. 2. Distribution of elastase inhibitor titer in the EVA population. 



in women (mean±S.D.: 51.9 ±13.6 versus 53.8 ± 
12.9%, / > <0.02). In either sex, elastin inhibitor titers 
tended to be higher in subjects with coronary heart 
disease than in those without (mean ± S.D.: 51.6+13.5 
versus 55.0 ± 14.3% in men, P < 0.097; 53.6 ± 13.0 ver- 
sus 57.4 + 10.3% in women, P < 0.068). In pooled men 
and women, this association was significant after ad- 
justment for sex (P < 0.014). No significant associations 
were found with a history of stroke, diabetes and 
hypertension in either sex. Furthermore, elastase in- 
hibitor titers were not related to age, blood pressure 
and tobacco or alcohol consumption. Only a weak 
positive correlation was observed with body mass index 
in women (r = 0.082, P < 0.03). Correlation coefficients 
with lipid parameters, fibrinogen and C reactive protein 
are also shown in Table 2. Fibrinogen and C reactive 
protein were the strongest correlates of elastase in- 
hibitor titers in both men and women. Weak negative 
associations with total cholesterol and LDL cholesterol 
were observed only in men. 



4. Discussion 

The purpose of this study was to explore possible 
correlations between serum parameters related to 
elastin fiber degradation and other clinical or biological 
parameters of atherogenesis. A previous study [8] re- 
ported some significant correlations between serum 
elastase titers and clinical or biological parameters of 
atherogenesis and an increase in serum elastase activity 
with increasing alcohol consumption. The present study 



also revealed some significant correlations between 
elastin peptides and elastase inhibitor titers with several 
of the atherosclerotic risk factors and mainly with some 
of the related diseases: coronary heart disease, stroke 
and diabetes (Table 1). Elastin peptide concentrations 
were shown to be positively correlated to apolipo- 
protein Al and HDL-cholesterol values. Serum elastase 
inhibitor titers are positively correlated to fibrinogen 
and negatively correlated to total cholesterol and LDL- 
cholesterol values, (Table 2) with the reservation con- 
cerning sexes. Some correlations are significant only for 
males or females and some are significant for both 
sexes. 

The negative correlations between elastase inhibitor 
titers and lipidic parameters (Table 2) are too weak to 
be interpreted as a protective effect of higher elastase 
inhibitor titers. The positive correlation between elas- 
tase inhibitors and fibrinogen may be attributed to their 
correlated increase as acute phase reactants of hepatic 
origin. The main component of serum elastase in- 
hibitors, x,-protease inhibitor (a r Pi) is known to be an 
acute phase glycoprotein [16]. As shown previously by 
Jayle et al. [16] angina patients frequently exhibit in- 
creased acute phase glycoprotein values as for instance 
serum haptoglobine. a, Pi, the principal component of 
the serum inhibiting serine-elastases, is one of the acute 
phase glycoproteins. 

Elastin peptides showed a positive correlation with 
apolipoprotein Al and HDL-cholesterol, parameters 
considered to have a protective value for cardiovascular 
disease [17]. Previous studies have shown that elastin 
peptides acting on the endothelial elastin receptor in- 
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duce an NO-dependent vasodilatation [18]. These re- 
sults are in agreement with previous experiments on 
cholesterol feeding in rabbits, which showed a protec- 
tive effect for elastin peptide treatment against the 
development of cholesterol induced atherosclerotic le- 
sions [19]. 

The decrease in elastin peptides in female stroke and 
diabetic patients would be in agreement with the above 
interpretation. Further studies are necessary to eluci- 
date the relationship between the serum level of elastin 
degradation products and specific cardiovascular dis- 
eases. These peptides may be derived from the degrada- 
tion of elastic fibers but also from the post-synthetic 
degradation of newly synthesised tropoelastin [20], The 
selective detection of these two types of degradation 
products might shed further light on this problem. 

Serum elastase titers [8], serum elastase inhibitors and 
elastin peptides (in the present study) showed no signifi- 
cant correlation to each other, suggesting independent 
mechanisms for the regulation of these three elastin 
related serum parameters. Most serum elastase activity 
(80-90%) is due to metalloproteases, not inhibited by 
the major circulating elastase inhibitor, a! Pi, which acts 
only on serine-proteases. The exact role of serum elas- 
tase activity in the degradation of vascular elastic fibers 
remains to be investigated. Elastase-type proteases pro- 
duced by vascular smooth muscle cells [6] and endothe- 
lial cells [7] could also be involved. Although other 
tissues such as lung parenchyma and skin could con- 
tribute to elastin degradation products most of the 
elastin fibers of the organism are present in the vascular 
wall. Thoracic aorta contains 30-40% of elastin and 
abdominal aorta about 20% [21]. The degradation of 
vascular elastic fibers in atherogenesis has been previ- 
ously demonstrated [22,23]. Recent results concerning 
the presence of a receptor reacting with elastin peptides 
on vascular cells and white blood cells [5,24-26] as well 
as the physiological functions attributable to this recep- 
tor [8,25,27] suggest an important physio-pathological 
role for circulating elastin peptides. The continuous 
exposure of the elastin receptor to saturating levels of 
elastin peptides might well represent a crucial mecha- 
nism in the age dependent modifications of the vascular 
wall [5]. 
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Proteases and their zymogens play a central role 
in several biological processes, ranging from diges- 
tion to key regulatory mechanisms, such as coagu- 
lation and hormone release, and are also recognised 
in many diseases [1-6]. Therefore, the possibility 
of selectively influencing proteolytic activities by 
specific (natural or synthetic) inhibitors appears to 
be of considerable interest, in view of their poten- 
tial therapeutic value as drugs [2, 4-6]. 

Among serine proteinases, human leucocyte elas- 
tase (HLE) is essential for phagocytosis and for 
defence against invading micro-organisms. Moreover, 
HLE is naturally involved in the degradation of 
elastin, collagen, proteoglycans, fibrinogen and fib- 
rin, being also responsible for the digestion of dam- 
aged tissues and of the bacterial degradation products 
[4-8]. Lack of HLE regulation, generally due to an 
impaired balance between the enzyme and its nat- 
ural inhibitors (a, -proteinase inhibitor (0,-PI), cfe- 
macroglobulin (o^-M), and mucus proteinase inhibitor 
(MPI)), is at the basis of pathological states, such as 
pulmonary emphysema, cystic fibrosis, rheumatoid 
arthritis, atherosclerosis and glomerulonephritis. 

Free radicals present in cigarette smoke have 
been shown to inactivate ot,-PI in vitro (the reactive 
site P, Met358 residue being oxidised to methion- 
ine sulphoxide), and are believed to cause deficien- 
cy of the active serine proteinase inhibitor in smokers' 
lungs. Thus, a decrease of native inhibitor con- 
centration in the lung is thought to be a primary fac- 
tor in the pathogenesis of pulmonary emphysema, 
associated with cigarette smoking. The decifiency 
of ct,-PI, however, is transient, and reversible on ces- 
sation of cigarette smoking [4-6]. Moreover, some 
individuals are genetically deficient in 0,-PI, the 
inhibitor being poorly secreted from the liver cells. 
This genetic defect has been related to the devel- 
opment of familial emphysema [4-6]. 

The proteolytic action of HLE can also be mod- 
ulated by nonphysiological, but naturally occurring, 
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Human leucocyte elastase is a serine proteinase involved 
in phagocytosis, defence against invading micro-organisms, 
degradation of elasttn, collagen, proteoglycans, fibrinogen 
and fibrin, being also responsible for the digestion of dam- 
aged tissues and of the bacterial degradation products. Lack 
of the enzyme regulation is at the basis of pathological states, 
such as pulmonary emphysema, cystic fibrosis, rheumatoid 
arthritis, atherosclerosis and glomerulonephritis. 

A detailed^characterisation of the enzyme:inhibitor 
recognition process, based on extensive thermodynamic, 
kinetic and structural information, as well as on the com- 
parative analysis with the homologous proteinase from 
porcine pancreas, is reported in the present review. 
Monaldi Arch Chest Dis., 1994; 49: 2, 144-149. 



protein serine proteinase inhibitors of the potato 
inhibitor type I family, e.g., eglin c (the serine pro- 
teinase inhibitor from the leech Hirudo medicinalis), 
and of the Kunitz and Kazal families, e.g. the basic 
pancreatic trypsin inhibitor, the pancreatic secretory 
trypsin inhibitor and ovomucoid inhibitors. Moreover, 
low molecular weight synthetic compounds, such as 
peptide chloromethylketones, fluoroketones, pep- 
tide boronic or isocoumarinic compounds, as well 
as molecules based on the carbonylthiophene acy- 
lating substructure have been successfully tested as 
HLE inhibitors [1-6, 9-13]. 

X-ray crystallography has provided a compre- 
hensive approach to the study of the catalytic and 
inhibition mechanisms in serine proteinases [14], 
Analysis of the three-dimensional structure of free 
and complexed enzymes has unravelled the mole- 
cular organisation (at atomic resolution) of more than 
30 protein structures belonging to the serine pro- 
teinase trypsin-chymotrypsin-elastase homology fam- 
ily (known as "chymotrypsin superfamily ,, ). Thus, 
a reliable database has been established [14, 15], 
suitable for structure-function inhibition investiga- 
tions, for simulations based on molecular mechan- 
ics and dynamics, as well as for homology modelling 
studies [16]. 

Molecular investigations have shown that HLE 
displays a structural organisation strongly reminis- 
cent of homologous serine proteinases (such as porcine 
pancreatic elastase, or bovine a-chymotrypsin), with 
the conserved catalytic triad, based on residues 
His57, Asp 102 and Serl95, located in a central cleft 
defined by the enzyme tertiary structure. Moreover, 
the fine details of the enzyme structure and, most 
notably, of the active site geometry and of substrate 
specificity subsites, have been analysed in the pres- 
ence of different classes of inhibitors [14, 17-19]. 

The present review concerns aspects of HLE 
inhibition which are related to the rational study of 
enzymerinhibitor recognition processes, and thus, 
potentially, to the design of new active therapeutic 
agents. 

The inhibition mechanism of HLE 

The minimum mechanism of HLE inhibition by 
(macro)molecular inhibitors [6, 20, 21] is given by: 
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k k k * 

*on *+2 K af1 

E + I ^ EI El* -*E + I* (1) 

where E is the enzyme, I and I* are the virgin and 
the modified (P,-P,' reactive site peptide bond hydrol- 
ysed) [22] inhibitor, respectively; EI and EI* are the 
stable adducts of the proteinase with the virgin or 
the modified inhibitor, is the second order rate 
constant for the formation of the EI complex; k+ 2 is 
the first order rate constant for formation of the El* 
adduct, k^ and Jt ofr * are the first order dissociation 
rate constant for the destabilisation of the EI and 
EI* complexes, respectively, and 1^ (=k m fk off ) is the 
equilibrium constant for the formation of the EI 
adduct. The HLE inhibition mechanism given in 
scheme 1 is reminiscent of the minimum three step 
catalytic mechanism of serine proteinases. Therefore, 
the main difference between an inhibitor and a sub- 
strate for the target proteinase is represented by the 
very different rates for the dissociation of the EI and 
EI* complexes. Indeed, a given inhibitor might be 
considered as a modified substrate which dissoci- 
ates slowly [4-6, 20, 21]. 

From the pharmaceutical viewpoint, the poten- 
cy of a serine proteinase inhibitor depends both on 
thermodynamic and kinetic parameters for the enzyme: 
inhibitor complex (de)stabilisation. Thus: 1) the 
affinity (for the target enzyme) must be very high 
(K; >10 8 M 1 ); 2) the second order rate constant for 
complex formation must be fast (k m >10 4 M* 1 s 1 ); 
and 3) the first order rate for the dissociation of the 
binary complexes should be very slow (£ qfr and k^* 
<lxlQ 4 s 1 ). Accordingly, the therapeutic dose of 



the inhibitor should be low and the pharmaceutical 
effect should be fast and long-lasting. 



Three-dimensional structure of HLE in 
relation to inhibitor binding 

Owing to the strong conservation of primary 
structure in the chymotrypsin superfamily [16], HLE 
displays a tertiary structure which is strongly remi- 
niscent of those observed for related serine proteinases 
(such as pancreatic elastase or a-chymotrypsin). The 
218 amino acid polypeptide chain is organised in two 
domains, mostly built up by antiparallel (3-barrel 
structure [17]; an ot-helical segment is present in the 
C-terminal region of the molecule (fig. 1). The 
crevice defined by the two globular domains is the 
substrate (inhibitor) binding site, and hosts the con- 
served catalytic triad (His57, Aspl02 and Serl95) 
responsible for the enzymatic cleavage of the sub- 
strate. In this structural/topological organisation, 
HLE is very similar to porcine pancreatic elastase, 
for which several crystallographic investigations are 
available, and the amino acid sequence of which 
shares 40% residue identities with HLE [23], Some 
surface polypeptide loops of HLE, however, display 
unique geometry or limited conformational disorder 
in the crystal structures [17, 18]. 

As mentioned above, HLE activity is affected 
not only by its natural inhibitors (ot,-PI, oCj-M and 
MPI), but also by other protein serine proteinase 
inhibitors, the thermodynamic and kinetic parame- 
ters for binding of protein proteinase inhibitors to 
HLE spanning about seven orders of magnitude [5], 




Fig. I. - a) Stereo view of human leucocytes elastase (HLE) (17], All amino acid residues have been included, b) Cot backbone of HUE [17]. 
The enzyme is drawn in the same orientation as given in (a). The active site crevice is visible in the central part of the molecule. 
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Crystallographic studies on inhibited HLE have 
provided reference structures which indicate the like- 
ly recognition and binding mode of an extended 
substrate (inhibitor) to the enzyme active site. Of 
particular interest is the complex of HLE with the 
third domain of the natural polypeptide inhibitor 
turkey ovomucoid (OMTKY3) [17]. As can be 
appreciated from inspection of figure 2, the globu- 
lar protein inhibitor binds to the proteinase active 
site cleft through an extended loop of polypeptide 
structure. One specific inhibitor residue, the so- 
called "reactive-site" residue (P,), is positioned in 
HLE primary specificity subsite (S,), and properly 
positions the scissile peptide bond with respect to 
the catalytic triad residues. Proteinase:inhibitor 
recognition is extended to seven subsites from P 5 to 
P 3 '. These interactions include specific hydrogen 
bonds to HLE polypeptide backbone atoms (involv- 
ing residues Phe41, Ser214, Val216 and Gly218), 
as well as extended van der Waals and hydrophobic 
contacts between the inhibitor P 3 -P 3 ' residues and 
the enzyme central region [17, 18]. Undoubtedly, 
however, a primary recognition event, as in other 
homologous serine proteinases, occurs at the S, speci- 
ficity subsite, where a medium size hydrophobic 
pocket present in the HLE active centre hosts the Pj 
residue of the inhibitor. This residue (Leu 18 in 
OMTKY3) in an ideal HLE substrate or inhibitor is 
expected to be an alkyl side-chain, such as Val. 

Modulation of serine proteinase action by pro- 
tein inhibitors (which could be potential substrates) 
is achieved through a series of subtle concurring fac- 
tors, which stabilise the E:I complex, and prevent 
(or slowdown) hydrolysis of the reactive site bond. 
These factors are related mainly to the structural 
properties of the interacting partners, and include 
surface complementarity, restricted mobility of the 
(re)acdve site interacting loops and (re)active site 
limited accessibility to water molecules, as evi- 
denced in several crystallographic studies on serine 
proteinaserprotein inhibitor complexes [14, 24, 25]. 

Several inhibitors of HLE peptide chloro- 
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methylketones and fluoroketones, saccharine deriva- 
tives, heterocyclic compounds, azapeptides, iso- 
coumarins and the microbial inhibitor elastatinal) 
have proved to be effective in modulating the pro- 
teinase-induced development of emphysema in ham- 
sters and mice. The inhibitors were found to be 
active when given intratracheally, orally, intraperi- 
toneally or intravenously (coupled to albumin micros- 
pheres). It must be noted, however, that these 
compounds were active only when given one hour 
or less before^the insult; at various times after the 
insult the inhibitors were generally found to be inef- 
fective [2]. 

Among inhibitors acting as acylating agents of 
the catalytic residue Serl95, 2-[3-thiophenecar- 
boxythio]-N-[dihydro-2(3H)-thiophenone-3-il]-pro- 
pionamide (MR889) and 3-[2-thiophenecarboxy- 
uuo]-propanoyl^thiazolidinecarboxylic acid (YS3025) 
inhibit not only the HLE catalysed hydrolysis of low 
molecular weight synthetic substrates, but also the in 
vitro cleavage of insoluble elastin, Le. the physiolog- 
ical target of this serine proteinase [6, 11]. Furthermore, 
MR889 has been tested in vivo for potential toxicity, 
without observing any mortality after oral adminis- 
tration of up to 5 g kg* 1 body weight, in mice [11], 
These findings are prerequisites for the therapeutic 
application of the two low molecular weight serine 
proteinase inhibitors MR889 and YS3025 [6, 11]. 

Concerning the inhibition mechanism of HLE 
by MR889 and YS3025, Powers and Bengali [4], 
Rizzi et al [12] and Djinovic-Carugo et al [13] 
have shown that the serine proteinase:inhibitor adducts 
contain the thiophenecarbonyl moiety of the inhibitor 
covalently bound to the active site Serl950G atom. 
Inspection of the X-ray three-dimensional structure 
of YS3025-inhibited porcine pancreatic elastase (figs. 
3a and b) shows that the reactive site residue Serl95 
is acylated by the inhibitor molecule, which reacts 
with the enzyme through hydrolysis of the thioester 
bond adjacent to the thiophene ring. The nucleo- 
philic attack of Serl9SOG atom on the inhibitor scis- 
sile bond is facilitated by proper location of the 



HR 
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Fig. 2. - Ca skeleton representation of the human leucocyte elastase (HLE): Kazal inhibitor complex buili on the basis of computer methods and 
stereochemical rules known for enzyme: inhibitor recognition. The inhibitor molecule is clearly depicted in the lower part of the figure, with residue 
numbering starting at 301. The active site crevice of HLE is particularly evident in this orientation. 
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YS3025 apolar thiophene ring in the porcine pan- 
creatic elastase S, specificity pocket. The acyl- 
enzyme complex is stable for long periods (as 
compared to a conventional substrate), mostly because 
of an unfavourable orientation of the electrophile 
carbonyl carbon (involved in the acyl bond) of the 
proteinase active site, such that a deacylating (nucle- 
ophile) water molecule has impaired accessibility to 
it. Inspection of the crystal structures of acyl-enzyme 
complexes formed by YS3025 with homologous ser- 
ine proteinases [13], shows that the general proper- 
ties and features of the inhibition mechanism are 
valid throughout the entire chymotrypsin superfam- 



ily. Thus, rational modification of this class of 
inhibitors can be achieved in order to target the newly 
designed molecules toward serine proteinases endowed 
with different specificities (and acting in different 
metabolic compartments). 

The inhibition mechanism of HLE by the active 
site directed tetrapeptides methoxysuccinyl- Ala- Ala- 
Pro- Ala(Val) chloromethylketones has also been elu- 
cidated by X-ray crystallography [18, 26], The 
tetrapeptide inhibitors bind irreversibly to the active 
site of HLE. Cevalent bond formation between the 
inhibitor Ala(Val) P, residue carbonyl carbon and 
HLE His57NE2 and Serl950G atoms is observed; 




b) )f~l 

^ B fe^ 




CA 195 




Fig. 3- - a) Cot backbone of porcine pancreatic elastase in its complex with the inhibitor YS3025 [13], Only the acylattng group of the inhibitor 
is shown (shaded and covalendy linked to the enzyme Serl95 residue) together with the proteinase His57 and Asp 102 catalytic residues, b) Close 
view of the active site of the YS3025- inhibited porcine pancreatic elastase, showing most of the enzyme amino acid residues forming the catalyt- 
ic centre and involved in the inhibitor recognition (13]. The acylated Serl95 residue is in the central part of the picture. The elastase S, speci- 
ficity subsite can be recognized as the central-lower pocket (of apolar nature) toward which the inhibitor thiophene ring is pointing. 





pjg. 4. - Binding mode of methoxysuccinyl- Ala-Ala-Pro- Ala-chloromelhylketone to ihe active site of HLE [26]. Notice the position of the 
inhibitor P, Ala residue in the proteinase S, pocket (the polypeptide inhibitor is shaded). 
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the carbonyl group of residue P l is in a tetrahedral 
hemiketal configuration. The Ala-AIa-Pro-Ala(Val) 
substructure occupies the enzyme S 4 -S, central region 
in an extended conformation (fig. 4). In particular, 
the methoxysuccinyl-Ala-Ala-Pro-Ala(Val) segment 
is strongly reminiscent in its conformation, as well 
as in the hydrogen bond network achieved with HLE, 
of the polypeptide geometry observed for the P 4 -P, 
residues of OMTKY3, once bound to HLE [17, 18, 
23]. As expected, the Ala(Val) P, residue of the 
inhibitor is sitting in the serine proteinase S 1 pri- 
mary specificity pocket. 



Conclusions 

Although the structural information directly avail- 
able on inhibitor:HLE interactions is not as exten- 
sive as in other enzymes belonging to the chymotrypsin 
superfamily [14, 15], our knowledge on HLE mol- 
ecular properties is supported by several studies con- 
ducted on homologous serine proteinases (for review 
see [14, 17]). The detailed description of the active 
center of HLE [17, 18, 26] allows the design of pow- 
erful inhibitors. The synthesis of such compounds 
is also based on parallel studies of inhibitors specif- 
ically reacting at the active centre of the HLE homol- 
ogous proteinase from porcine pancreas. Thus, several 
classes of low molecular weight compounds, such 
as modified peptide inhibitors, benzoxazinone-, iso- 
coumarin- and cephalosporin-derivatives [19, 27, 28], 
are potentially available for experimentation on HLE. 

Analysis of the structure and inhibition mecha- 
nism of protein HLE inhibitors, such as OMTKY3, 
makes it possible to extract only some overall infor- 
mation for the design of small, non-antigenic, syn- 
thetic inhibitors. In fact, protein proteinase inhibitor 
activity is based on the concurrent action of sever- 
al factors, such as the complete exclusion of (re)active 
site residues from contact with the solvent, which 
can hardly be achieved by inhibitor molecules of a 
small size. Moreover, a substantial level of struc- 
tural rigidity has to be coded into a polypeptide 
inhibitor molecule, in order to resist the hydrolytic 
action of the active catalytic triad. 

The comparative study of several protein inhibitors 
active against serine proteinases belonging to the 
chymotrypsin superfamily has underlined the fact 
that additional contributions to the stabilisation of 
the E:I complex (Le. to the inhibitory action) may 
be derived from the entropy gain recovered on removal 
of water molecules hydrogen bonded to the contact 
surfaces of the two interacting (macro)molecules. 
Moreover, the van der Waals interactions achieved 
at the molecular contacting surfaces (of several hun- 
dred A 2 in protein inhibitors) allow the stabilization 
of the non-covalent E:I complex, relative to the free 
species, of a substantial amount. Most of these mol- 
ecular features and properties can hardly be coded 
in the synthesis of low molecular weight inhibitors, 
which must therefore rely on extensive modifica- 
tions of the physicochemical principles selected for 
HLE inhibition by natural protein inhibitors. In this 
respect, polypeptide loops of 20-30 amino acid 
residues, based on the molecular scaffolding of eglin 
c reactive site [25], or of squash seed inhibitor I 



[23], stabilised by chemical cross links or disulphide 
bridge(s), may prove to be effective synthetic inhibitors 
of HLE, displaying the advantages of macromole- 
cular protein inhibitors, without eliciting the immune 
response after prolonged administration. 
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SC-39026, a Serine Elastase Inhibitor, 
Prevents Muscularization of Peripheral 
Arteries, Suggesting a Mechanism of 
Monocrotaline-Induced Pulmonary 
Hypertension in Rats 

Roma Ilkiw f LJvia Todorovich-Hunter, Kazuo Maruyania, 
John Shin, and Mariene Rabinovitch 



In rats heeded with the toxin monocrotafflie, altered 

ebstin suggest that Increased elastase activity may be important in the development of vascular 
changes and pro gre ssive pulmonary hypartenskm. To test tUs hypothesis, male Spragoe-Dawfey 
rats (250-300 g) were given 40 mg/kg of the elastase inhibitor SC-39026 in a caitos y methylceQnlose 
vehicle or vehicle only by garage, 12 hours before and twice daQy for 8 days after a singe 
subcutaneous infection of either monocnrtaBne (60 mg/kg) or saline. Thirteen days after injection, 
indweOtag cardiovascular catheters were inserted under pentobartrftal anesthesia, and at 15 days 
after injection, pulmonary and systemic hemodynamic measurements were recorded with the 
animals awake. At postmortem examination, the tongs were perfbsed and morphometrk tech- 
niques applied for light and electron microscopic evaluation. Saline-injected rats given either 
SC-39026 or vehkk were simBar in aD features assessed. In contrast, monocrotaline-htf ected rats 
given SC-39026 had significantly lower mean pulmonary artery pressure than those given vehicle 
(21.0±1.6 vs. 27J±0J mm Hg,p<0.05), and this correlated with a significant reduction In the 
number of abnormal^ muscolartzed arteries at alveolar wan level (r*=0.89, p<0.001). SC-39026 
dU not rignHkanUy reduce m o nn c r ota B wvlndnccd medial hypertrophy of muscular arteries, 
endotlkBaliiUury,andas8odatedsnbendotheBal edom; nor was there a significant increase in the 
proportion of the medial M 

Bne faceted rats were folkmed 3 weeks after h^ection, but both SC-39026 and v^^ 
were slmliar at this point Our data suggest that increase 
wwlothrtltl tqln^ 

resulting in mnacnlarfaatioa of normally nomrnwenhnr peripheral arteries and putaooary hyper* 
tendon fcnAierf fa fatahyfifl^^ t^nfpiwrf^y^^tfifa p ^ ^vy 
effect suggests that there may be continued ehstaseadbity to tfah 

bypertropi^y with S&39Q26 suggests that a different mechanhm or a different elastase mqy be 
involved In this structural change. (Cbtaiathm Research 1989^814-825) 

Pulmonary hypertension, regardless of etioi- with increased wall thickness of muscular arteries. 1 
ogy, is associated with muscularization of This is due to smooth muscle differentiation from 
normally nonmuscular peripheral arteries and precursor cells, 2 smooth muscle hypertrophy and/or 
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hyperplasia, 3 - 4 and progressive increases in collagen 
and elastin synthesis and accumulation in the 
media. 3 * 5 - 7 Structural and biochemical studies in our 
laboratory in which the toxin monocrotaline was used 
to induce pulmonary hypertension in rats, suggest 
that increased elastase activity may initiate and con- 
tribute to the progression of these vascular changes. 6 * 7 
Fragmentation of the internal elastic lamina is noted 
as early as 4 days after injection of monocrotaline 7 
and precedes the muscularization of peripheral arter- 
ies observed at day 8 and the rise in pulmonary artery 
pressure and resistance observed at day 12 * Contin- 
ued elastase activity is suggested both by an increase 
in ebstin synthesis out of proportion to elastin accu- 
mulation and by abnormal distribution of the medial 
elastin as interiamellar islands rather than as thicker 
elastic laminae, features observed at day 28 after 
monocrotaline injection. 6 

While previous investigators have shown that 
inhibitors of collagen synthesis are effective in 
reducing right ventricular and medial hypertro- 
phy, 910 the intention of the present study was to 
explore the hypothesis that proteolytic, in particular 
elastolytic activity, induced by the toxin monocrota- 
line, may be initiating the neomuscularization of 
peripheral arteries, the medial thickening of the more 
proximal muscular arteries, and the associated 
increased connective tissue protein synthesis. We 
administered an elastase inhibitor, SC-39026 (Searle 
Pharmaceuticals, Skokie, Illinois) 11 and assessed 
whether this decreased or prevented the develop- 
ment of the above vascular changes. SC-39026 is a 
new agent, a 2-chloro-4-(l-hydroxyoctadecyl) ben- 
zoic acid, which inhibits neutrophil serine elastase. 11 
The latter is a proteinase that degrades type IV 
collagen as well as elastin. 12 We hypothesized that 
since alterations in type IV collagen and other base- 
ment membrane proteins may be associated with 
changes in cell phenotype, 13 * 14 increased elastase 
activity in normally nonmuscular peripheral arteries 
might lead to differentiation of precursor cells (peri- 
cytes and intermediate cells) to mature smooth 
muscle. 2 Moreover, increased elastase activity in the 
vessel wall could also stimulate elastin synthesis and 
smooth muscle hypertrophy as has been suggested in 
vitro." Neutrophil sequestration in the lung occurs 
within the first few hours after monocrotaline 
injection, 1 * and while its role in the pathogenesis of 
vascular disease is questionable, it may be the source 
of increased elastase activity in rats. 

We assessed the development of pulmonary 
hypertension in the rats by implanting indwelling 
cardiovascular catheters. Structural changes in 
the peripheral and hilar arteries, previously 
observed following monocrotaline injection, were 
analyzed by morphometry techniques. Muscular- 
ization of normally nonmuscular peripheral arter- 
ies (i.e. "extension of muscle") and medial hyper- 
trophy of normally muscular arteries were assessed 
by light microscopy. Increased medial thickness 
of the hilar pulmonary artery as well as endothelial 



iqjury, subendothelial edema and the proportion 
of elastin in the media were evaluated by trans- 
mission electron microscopy. 

Materials and Methods 

Study Design 

Pathogen-free male Sprague-Dawley rats (250- 
300 g) were used. Half were assigned at random to 
be given a single subcutaneous injection of mono- 
crotaline (60 mg/kg) and the other half received an 
equal volume of 0.9% saline. Monocrotaline solu- 
tions were prepared from the crystalline compound 
(Transworld Chemicals, Rockvflle, Maryland) as 
previously described.* Half of the rats in each group 
were further assigned at random to receive by 
gavage either the elastase inhibitor SC-39026 (40 
mg/kg/dose) suspended in carboxymethylcellulose 
vehicle or an equal volume of vehicle only. Car- 
boxymethylcellulose vehicle was prepared by dis- 
solving 1 g of the compound (Sigma Chemical Co, 
St. Louis, Missouri) in 100 ml of warmed distilled 
water. The rats were gavaged twice daily starting 12 
hours before and continuing for 8 days after the 
monocrotaline or saline injection to provide a 
"window" around day 4. This was the time 
monocrotaline-induced increased elastase activity 
was first suspected on the basis of what appeared to 
be increased fragmentation of the internal elastic 
lamina of the hilar pulmonary artery. 7 

On day 13, after the monocrotaline or saline 
injection, the rats were anesthetized by an intraperi- 
toneal injection of sodium pentobarbital (33 mg/kg), 
and indwelling catheters were inserted into the 
abdominal aorta under direct vision 17 and into the 
pulmonary artery by a modification 18 of a closed- 
chest technique previously described. 19 Pressure 
measurements and cardiac output were recorded 48 
hours later to allow sufficient time for recovery 
from the effects of anesthesia. The heart and hings 
were then prepared for morphological assess- 
ments. 1 **" 1 Day IS was chosen for physiological 
and morphological studies of the pulmonary vascu- 
lature to assure that satisfactory end-points would 
be obtained . This allowed for a few days beyond the 
time after monocrotaline injection, when a signifi- 
cant increase in pulmonary artery pressure and 
muscularization of peripheral arteries was previ- 
ously observed.* Throughout the experimental 
period, food and water were supplied ad libitum. 
The number of rats with complete hemodynamic 
and morphologic data in each of the groups is 
indicated in the tables and figures. 

To assess whether the results observed 2 weeks 
after monocrotaline injection in rats treated with 
SC-39026 were persistent at 3 weeks, a limited 
study was carried out. We assessed two groups of 
rats injected with monocrotaline, one treated with 
SC-39026, the other treated with vehicle as in the 
previously described protocol. Assessment of hemo- 
dynamic and morphological features of the heart 
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and lungs were carried out as in the previous groups 
with the exception that ultrastructural analyses were 
not performed. 

Hemodynamic Measurements 

Pressures were recorded from the pulmonary 
artery and aorta using physiological transducers 
(MS20, Electromedics, Englewood, Colorado) and 
an electrostatic recorder (ES1000, Gould, Cleve- 
land, Ohio). Blood samples, 0.5 ml each, were 
obtained from the pulmonary and aortic catheters 
and blood gases were analyzed (Corning Glass 
Works, Medfield, Massachusetts); the hematocrit 
was determined from an additional 0.1-ml sample 
drawn from the aortic catheter. Oxygen consump- 
tion was measured as previously described,"* 20 
with adjustments made for temperature and pres- 
sure and the cardiac output was calculated by the 
Fick principle using an oxygen carrying capacity 
derived from the measured hematocrit. 

Tissue Preparation for Morphological Assessment 
After the hemodynamic measurements were 
obtained, the rats were weighed and then anesthe- 
tized with an intraperitoneal iqjection of sodium 
pentobarbital (33 mg/kg). The animals were venti- 
lated (Rodent Ventilator Model 683, Harvard Appa- 
ratus, South Natick, Massachusetts) through a tra- 
cheostomy at a rate of 75 breaths per minute and a 
stroke volume of 3.S ml. The heart and lungs were 
then exposed via a median sternotomy. Heparin 
(500 units) was iqjected into the right ventricle and 
allowed to circulate for 2 minutes. The central 
pulmonary artery was cannulated with a 5 -cm length 
of polyethylene tubing (PE 90, i.d. 0.86xo.d. 1.27 
mm) through a right ventriculotomy incision and 
then perfused with preheated (37° Q, heparinized 
(0.5% vol/voD phosphate-buffered saline at 20 cm 
water pressure for 5 minutes to clear the lungs of 
blood. The left pulmonary artery was then tempo- 
rarily occluded, and the left lung was covered in a 
small plastic bag to avoid fixation while the right 
lung was perfused at the pressure measured in vivo, 
for 10 minutes with a cold (4° C), 1% glutaraldehyde 
in 4% formaldehyde solution. The right pulmonary 
artery was the* occluded, the lung was removed, 
and a block of tissue, approximately 5x5x2 mm, 
containing the hilar pulmonary artery was then 
taken. The tissue was diced into small Mocks approx- 
imately 1x1x2 mm, fixed fori more hour, and then 
placed in 0.1 M phosphate buffer and processed for 
transmission electron microscopy. 

The left pulmonary artery was then unclamped 
and iqjected with a hot (60? Q, radiopaque barium- 
gelatin mixture at 100 cm water pressure for 5 
minutes, and then clamped. The lung was distended 
through the trachea with 10% formaldehyde at 36 
cm water pressure and perfused continuously for 3 
days. A block of tissue lOx 10x5 mm was obtained 
from the midsection of the lung for light micro- 
scopic analysis, "a- 20 The right ventricle (RV) of the 



heart was dissected from the left ventricle plus 
septum (LV+S) and weighed separately. 21 Ventric- 
ular weights were expressed as the ratio RV/(LV+ S) 
and also as the ratio of the weight of the RV to final 
body weight (FBW). 

Light Microscopic Analysis 

Lung tissue for histological evaluation was embed- 
ded in paraffin and stained by the elastic Van 
Gieson method. Slides were analyzed without knowl- 
edge of treatment group. Using previously described 
morphometric techniques, 18 * 20 all barium-filled arter- 
ies in each tissue section were analyzed at x400 
magnification, for an average of 97 arteries per 
section (range, 81-120). Each artery was first "land- 
marked" according to its accompanying airway, as 
being either preacinar or related to a terminal bron- 
chiolus, respiratory bronchiolus, alveolar duct, or 
alveolar wall, and its external diameter was mea- 
sured. Each artery was further described as being 
either muscular (with a complete medial muscular 
coat), partially muscular (with an incomplete coat), 
or nonmuscular (no muscle apparent). Extension of 
muscle into peripheral, normally nonmuscular arter- 
ies was evaluated by the percentage of muscular 
and partially muscular arteries at each airway level. 
Medial wall thickness, an index of medial hyper- 
trophy, was calculated for each muscular and par- 
tially muscular artery as a percent wall thickness 
(%WT). 18 * 20 For each rat, an average wall thickness 
for arteries of the various sizes (50-99 and 100-149 
pm) was calculated. In each of 10 consecutive fields 
at x 250 magnification, all alveoli and arteries were 
counted. Arterial density was expressed as the 
number of arteries per 100 alveoli. 

Transmission Electron Microscopic Analysis 

Tissue blocks were dehydrated and embedded in 
Epon, from which thin sections (1 pm) were cut and 
stained with toluidine blue. Blocks containing the 
hilar pulmonary artery were cut into ultrathin sec- 
tions (600-900 A), prepared on copper grids, stained 
with 5% uranyl acetate and 0.4% lead citrate, and 
viewed in a transmission electron microscope (model 
201, Philips Electronic Instruments, Mount Ver- 
non, New York). For each animal, at least three 
consecutive photomicrographs that included the full 
thickness of the hilar artery were taken at x 3,600 
magnification for measurement of wall thickness as 
well as assessment of the thickness of elastic lami- 
nae of the media. Similarly, for each animal, at least 
eight consecutive photomicrographs that included 
the intima were taken at x 17,500 magnification for 
assessment of endothelial cell morphology, width of 
subendothelial space, and thickness of internal elas- 
tic lamina. Photomicrographs were printed in 20x20 
cm format and analyzed with a semiautomatic com- 
puterized system (Interactive Image Analysis Sys- 
tem IBAS-1, Zeiss, Thornwood, New York). 

The intima of die hilar pulmonary artery was 
examined for evidence of monocrotaline-induced 
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Table 1. Final Body Weight, Hematocrit Cardiac Output, Arterial Bfcxxi 
Weeks After Injcctkm 


IGasViteM 


vjbuuul Aireftti 


rYenre2 


GP 


(») 


FBW 

(g) 


Hct 

<%) 


Co 
(ml/mm/kg) 


Paoj Paco* 
(mmH8) 


PH 


Pta 


M/V 
M/SC-I 


(10) 
(9) 


223±3 

2!9±5 
• 


0.42±0.01 
0.40±0.0I 


871±68 
836±125 


82±2 
8413 


33*1 
32±1 


7.44 ±0.01 
7.46±0.01 


U6±3 
U5±4 


s/v 

S/SC-I 


(7) 
(7) 


251 ±5 
254±3 


0.43±0.01 
0.42±0.01 


856+60 
846±51 


84±3 
86±2 


33±1 
32±1 


7.46±0.02 
7.47±0.01 


117±4 
118±3 



OP, group; n, nmnber; PBW, final body weight; Hct, hematocrit; CO, cardiac output; Psa, mean systemic arterial 
^J?* M? 80 " 1, mon^talinfrHi»ected rate treated with vehicle and SC-39026 inhibitor, resp«xtivdv 

mean±SEM. *p<0.001, saline compared with monocrotaline. 



changes. Ten consecutive endothelial cells per artery 
were assessed, and the number showing evidence of 
injury (i.e.. variolation, pallor, and foamy cyto- 
plasm) was recorded and expressed as a percent of 
injured endothelial cells per artery. The subendo- 
thelium, defined as the region between the adlume- 
nal edge of the endothelium and the adlumenal 
border of the internal elastic lamina, was examined 
for evidence of edema by measuring its thickness at 
three equidistant points on each print. Thus, at least 
24 measurements were recorded per vessel and 
averaged. The thickness of the internal elastic lam- 
ina in each photomicrograph was derived from the 
digitized surface area, divided by the measured 
length; from eight assessments, an average thick- 
ness per artery was calculated. 

The media was defined as the region between the 
ablumenal edge of the internal elastic lamina and 
the ablumenal border of external elastic lamina. The 
thickness of the media of the hilar artery was 
measured at three equidistant points on each of the 
photomicrographs, and an average thickness was 
calculated for each vessel. The sum of the digitized 
surface areas of all the elastic laminae in the media 
was calculated and related to the digitized surface 
area of the media. Assessments from each of the 
prints taken from a given artery were averaged. 

SC-39026 Plasma Levels 

After completion of these studies, six additional 
weight-matched male Sprague-Dawiey rats were 
gavaged with SC-39026 for 6 days. Just before the 
first dose and 9 hours after the last dose, 1 ml of tail 
vein blood was obtained, and plasma levels were 
determined by the Department of Drug Metabolism 
at Searle Research Laboratories, Skokie, Illinois, 
using a high-performance liquid chromatography 
assay. Values before gavage with SC-39026 ranged 
from 0.10 to 0.24 /ig/ml (background activity), 
whereas levels 9 hours after the last dose were 
0.30-0.38 /ig/ml in two rats and 1.30-4.17 /ig/ml in 
the remaining four. Since only values greater than 
0.6 /ig/ml are considered to represent a therapeutic 
level (Dr. G. Fuller, Searle, personal communica- 
tion), it appears that there is considerable variation 



in the degree of absorption of the compound after 
oral administration in rats. 

Analysis of Data 

Two-way analysis of variance was used to com- 
pare the effects of monocrotaline and SC-39026 in 
the four groups: saline/vehicle, saline/SC-39026, 
monocrotaline/vehicle, and monocrotaline/SC- 
39026. When significant variance was found, Dun- 
can's test of multiple comparisons was used to 
determine which groups were different. 22 linear 
regression analysis was used to detect whether, in 
individual monocrotaline injected rats, there was a 
relation between the mean pulmonary artery pres- 
sure and structural and ultrastructural differences in 
the pulmonary arteries. This analysis was also 
applied to determine the relation between the amount 
of elastin in the vessel wall, the wall thickness of the 
pulmonary artery and the degree of muscularization 
of peripheral arteries. In the limited study carried 
out to assess differences in the SC-39026 treated 
and untreated monocrotaline injected rats at 3 weeks 
after iqjection, comparisons are based on a Stu- 
dent's t test. Differences were considered statisti- 
cally significant at p<0.OS. Mean values±SEM are 
given in the figures and tables, and the number of 
rats assessed in each group is noted. 

Results 

Growth, Hemodynamic Measurements and 
Ventricular Weights at 2 Weeks 

Complete data were obtained in 33 rats: seven 
saline/vehicle, seven saline/SC-39026, 10 monocro- 
taline/vehicle, and nine monocrotaline/SC-39026. 
Both saline/vehicle and saline/SC-39026 groups had 
similar final body weights. The monocrotaline groups 
had lower final weights than the saline rats ( p<0.00 1 , 
ANOVA), a feature not significantly altered by 
SC-39026. There were no significant differences 
between the four groups in hematocrit, cardiac 
output, arterial blood gas values, and systemic 
artery pressure (Table 1). 

The mean pulmonary artery pressures of the 
saline/vehicle and saline/SC-39026 groups were sim- 
ilar, 16.4±1.1 and 17.4±0.9 mm Hg, respectively 
(Figure 1). The monocrotaline groups had signifi- 
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M/V UfSC-l S/V B/SC-I 

FlOURB 1. Mean pulmonary artery pressure values In 
the four treatment groups. A/, monocrotaline; V, vehicle; 
SC-/, elastase Inhibitor SC-39G26; S, saline. M/V fn=/0). 
M/SC-/ fn=«. S/V (n=7). S/SC-/ (n=7). Date pdhtt 
represent pulmonary artery pressure value for each ani- 
mal. Solid line denotes mean for the group. The M groups 
have significantly higher values than the S groups, 
***p<OMl (ANOVA). MfSC-1 rats are significantly lower 
than M/V, *p<0.O5 (Duncan's Multiple Range Test). 

candy higher mean pulmonary artery pressure val- 
ues compared with saline rats (p<0.001, ANOVA). 
However, while mean pulmonary artery pressure 
in the monocrotaline/vehicle group was 27.5±0.8 
mm Hg, treatment of monocrotaline rats with SC- 
39026 resulted in significantly lower values 
(21.00±1.6 mm Hg, /><0.05, Duncan's Multiple 
Range Test). In five of nine rats in the monocrotaline/ 
SC-39Q26 group, pulmonary artery pressure values 
were within the range of saline controls (Figure 1). 

There was considerable overlap in RV/FBW as 
well as in the RV/(LV+S) values among the four 
groups. The saline/vehicle and saline/SC-39026 
groups had similar values for RV/(LV+S) and RV/ 
FBW. Monocrotaline iqjection resulted in higher 
values for RV/(LV+S) (p<0.05) and for RV/FBW 
(p<0,001XANOVA). Values for RV/FBW but not 
for RV/(LV+S) were, however, significantly lower 
in the monocrotaline/SC-39026 group than in the 
monocrotaline/vehicle group (p<0.05, Duncan f s 
Multiple Range Test) (Table 2). 

Table!, a — i mi MM ^ f ^ mgftt VtBtricnL, 
phy and Arterial Parity 1 Wccta After btitrttai 



era! pulmonary vasculature was performed on 25 of 
the 33 unselected rats: six saline/vehicle, six saline/ 
SC-39026, six monocrotaline/vehicle, and seven 
monocrotaline/SC-39026. 

Extension of muscle. Saline/vehicle and saline/ 
SC-39026 rats had only a small percentage of arteries 
muscularized at the alveolar wall level (1.9± 1.4 and 
0.4±0.4%, respectively) (Figure 2). Monocrotaline- 
iqjected animals had significantly greater muscular- 
ization of alveolar wall and duct arteries, compared 
with saline rats (p<0.001 for both, ANOVA). The 
monocrotaline/vehicle group had 24.1 ±2.6% alveo- 
lar wall arteries muscularized. Treatment of 
monocrotaline-iqjected rats with SC-39026 resulted 
in a decreased percentage of alveolar wall arteries 
muscularized (10.0±3.6%, p<0.05, Duncan's Multi- 
ple Range Test). A trend toward a decreased percent 
of alveolar duct arteries muscularized was apparent, 
although the difference was not statistically signifi- 
cant. In the monocrotaline/ vehicle rats, there was no 
significant correlation between the percent alveolar 
wall arteries muscularized and the level of mean 
pulmonary artery pressure. Values were high for 
both parameters. In the monocrotaline/SC-39026 
group, however, there was -a significant correlation 
between the level of pulmonary artery pressure and 
the percent of alveolar wall arteries muscularized 
(r 2 =0.89, intercept^ 15.245, slope=0.599, 95% con- 
fidence limits of the slope =0.599± 1.96, p<0.001) 
(Figure 3). 

Medial wall thickness of muscular arteries. The 
saline/vehicle and saline/SC-39026 groups had sim- 
ilar values for medial wall thickness (%WT) of 
muscular arteries of 50-99 and 100-149 pm external 
diameter (Table 2). The monocrotaline-iqjected rats 
had significantly increased %WT compared with the 
salute-iqjected animals in arteries of 100-149 ftm 
external diameter only (p<0.001, ANOVA). Treat- 
ment of the monocrotaline iqjected rats with SC- 
39026 did not result in a significantly decreased 



of Medial Ifypcrtro> 



OP 


(A) 


RV/FBW 
(g/kg) 


RV/LV 


M/V 


(« 


0.61*0.03 


0.26*0.01 


M/SC-I 


(7) 


0.54*0.03* 
t 


0.24*0.01 
* 


s/v 


(© 


0.50*0.02 


0.23*0.01 


S/SC-I 


(6) 


O.S2±0.02 


0.23*0.01 



% Wall thickness 



50-99 (ua 



100-149 jun 



Arterial density 
(arteries/100 arvcoti) 



3.83*0.2! 
3.71*0.13 

3.4**0.17 
3.45*0.07 



4.12*0.32 
3.73*0.16 
* 

2.73*072 
149*0.06 



4.62*078 
4.73*0.17 

4.33*0.20 
4.68*0.22 



******* to final body weight; RV/LV, ratio of right ventricular 

•/X0.05, M/V compared with M/SC-I. 
t/K0.0S t saline compared with monocrotaline. 
^P<0.001 v saline compared with mow^r ntn Hne . 
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M/V M/SC-I SW S/SW m M/SC-I S/V S/SC-I 
Alveolar Wall Alveolar Duct 

FIGURE 2. Extension of Muscle: Percent of peripheral 
arteries musculatized at the alveolar wall and alveolar 
duct level. M, monocrotaline; V, vehicle; SCJ, elastase 
inhibitor SC-39026; S, saline. MIV (n=6). M/SC-I (n=7). 
SIV (n=6). S/SC-/ (n=6). Values are mean±SEM for 
each group. M groups had abnormally increased muscu- 
larization of arteries at alveolar wall and alveolar duct 
level, compared with S groups, ***p<0.00l (ANOVA). 
The MISC-l group compared with the MIV group had 
decreased muscularization at alveolar wall level, *p<0.05 
(Duncan's Multiple Range Test) with a similar trend at 
alveolar duct level, although not statistically significant. 

%WT t although there was a trend in that direction 
(Table 2). 

Arterial density. There was no difference among 
the four groups in the number of arteries per 100 
alveoli (Table 2). Lung volumes and absolute num- 
ber of alveoli per mur were also similar. 

Ultrastructural Analysis at 2 Weeks 

Ultrastructural analysis of the hilar pulmonary 
artery was performed on 18 of 33 unselected rats: 
three saline/vehicle, three saline/SC-39026, six mono- 
crotaline/vehicle, and six monocrotaline/SC-39026. 
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FIGURE 3. Correlation of mean pulmonary artery pres- 
sure with extension of muscle into alveolar wall arteries. 
M, monocrotaline; V, vehicle; SC-I, elastase inhibitor 
SC-39026. MIV (n=6). M/SC-I fn=7J. There is no signif- 
icant correlation between the two measurements in MIV 
rats whereas in MISC-l rats r*=0.89, slope=15245> 
intercept=0J99 (95% confidence limits=0J99±L96), 
p<0ML 



Intima. Both saline/vehicle and saline/SC-39026 
groups had few injured endothelial cells per artery 
and a barely measurable subendothelial space (Fig* 
ures 4 and 5). In contrast, monocrotaline-iqjected 
animals had a high proportion of tqjured endothelial 
cells per artery and evidence of subendothelial 
edema judged by a wide subendothelial space 
(p<0.001, ANOVA for both comparisons). Treat- 
ment of monocrotaline rats with SC-39026 did not 
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FIGURE 4. Ultrastructural features of the intima 
of hilar pulmonary arteries (endothelium and sub- 
endothelial space). M, monocrotaline; V, vehicle; 
SC I, elastase inhibitor SC-39026; S, saline. MIV 
(n=6). M/SC-I (n=6). SIV (n=3). S/SC-/ (n=J). 
Values are mean±SEMfor each group. The num- 
ber of 'injured' endothelial cells per artery as 
defined In the text and the width of the subendothe- 
lial space is increased in M groups, ***p<Q.00l for 
both (ANOVA). No significant deferences exist 
between MIV and M/SC-I groups. 
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FIGURE 5. Electron photomicrographs qf the hilar pulmonary arteries. A saline/vehicle rat (top left) and a saline/ 
SC-39026 rat (bottom left) show normal endothelial (E) cells and virtually no subendothelial (S) space. In contrast, 
endothelial cells in the hilar pulmonary artery of a monocrotalineivehicle (top right) and a monocrotalinefSC-39026 
(bottom right) rat show considerable swelling and pallor, with well-defined subendothelial space. SM t smooth muscle 
cell. Thickness of internal elastic lamina (iel) h similar in all photomicrographs, but the proportion of media occupied by 
elastic laminae (mel) is reduced in the photomicrographs from the monocrotaline rats (top and bottom right). 
Magnification, X6,138; bar, U pm. 
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alter the severity of these abnormalities. The width 
of die internal elastic lamina was similar in saline 
and monocrotaline-iqjected rats and was unaffected 
by SC-39026 (Figure 6). 

Media. The thickness of the media of the hilar 
pulmonary artery was similar in both saline groups 
(Figure 7), but in monocrotaline iqjected rats, it was 
increased (p<0.01, ANOVA). Values in monocro- 
taline/SC-39026 and monocrotaline/vehicle groups 
were similar. The ratio of the surface area of the 
elastic laminae of the media to the surface area of 
the media was similar for saline/vehicle and saline/ 
SC-39026 rats but was decreased in the monocrota- 
line groups ( j?<0*001, ANOVA). Moreover, quali- 
tatively, the elastic laminae appeared fragmented 
(Figure 4). Treatment of monocrotaline-iqjected rats 
with SC-39026 did not result in a significantly 
increased proportion of media occupied by elastic 
laminae, although a trend was apparent (Figures 4 
and 6) and the laminae appeared less fragmented 
(Figure 4). In individual monocrotaline-iqjected ani- 
mals, the proportion of elastic laminae in the media 
did not correlate significantly with the thickness of 
the media or the mean pulmonary artery pressure. 

Hemodynamic and Structural Changes 
at 3 Weeks. 

At 3 weeks after monocrotaline injection, main- 
taining catheters in the pulmonary artery of the rats 
was particularly difficult because they tended to flip 
out, probably because of the very high levels of 
pulmonary artery pressure. This phenomenon has 
been previously described. 23 We were therefore 
able to compare only four SC-39026 and four vehicle- 
treated monocrotaline-iqjected rats with respect to 
pressures, but eight and 12 rats, respectively, with 
regard to right ventricular hypertrophy. Light micro- 
scopic morphometric assessment was carried out 
on the eight rats in which pressures were obtained. 
At the 3-week time point, there were no significant 
differences in the two groups with respect to pul- 
monary artery pressure, cardiac output, and right 
ventricular hypertrophy expressed either as the 
ratio of right to left ventricular weight or as the ratio 
of right ventricular to body weight, nor was there a 
significant difference in the degree of musculariza- 
tion of peripheral arteries or in the medial wall 
thickness of normally muscular arteries (Table 3). 

We have previously reported that in rats, injury 
to the pulmonary vascular endothelium by the pyr- 
rolidine alkaloid metabolite of monocrotaline pre* 
cedes muscularization of the normally nonmuscular 
distal pulmonary vascular bed and the rise in pul- 
monary artery pressure and increase in pulmonary 
vascular reactivity. 9 That muscularization of distal 
vessels precedes pulmonary hypertension was also 
evident in studies by Meyrick et al, in which rats 
were fed Crotalaria spectabilis seeds. 20 Since admin- 
istration of the elastase inhibitor SC-39026 for 7 



days after injection of monocrotaline reduced exten- 
sion of muscle into normally nonmuscular periph- 
eral arteries correlating with a reduction in the 
severity of pulmonary hypertension at 2 weeks, our 
study supports the hypothesis that elastase activity 
may initiate this vascular change. Muscularization 
of peripheral arteries is thought to result from the 
differentiation of precursor cells (pericytes) to mature 
smooth muscle cells. 2 Cellular differentiation may 
be regulated by changes in basement membrane and 
other extracellular matrix proteins. 13 * 14 Thus, SC- 
39026 may have prevented muscularization of periph- 
eral arteries by inhibiting degradation by elastase of 
elastin or type IV collagen, a basement membrane 
component, or by some other as yet undescribed 
antiproteolytic effect. 

The reduction in pulmonary artery pressure was 
not related to a change in cardiac output, mean 
systemic arterial pressure, hematocrit or arterial 
oxygen tension. We report pulmonary artery pressure 
and not pulmonary vascular resistance as we did not 
record left ventricular end-diastolic pressure. How- 
ever, we established that there was no significant 
change in cardiac output, and it has been observed 
previously by our group 8 and others 20 that there is no 
significant change in left ventricular end diastolic 
pressure after monocrotaline injection. For these rear 
sons, the pulmonary artery pressure changes likely 
reflect similar alterations in pulmonary vascular resis- 
tance. In six of nine rats, the values of pulmonary 
artery pressure in the monocrotaline-iqjected rats 
treated with the inhibitor SC-39026 were similar to 
those in the saline iqjected controls, whereas in the 
other three rats, only a partial reduction in pulmonary 
hypertension may have been achieved. The variability 
in response may be due to the variation from rat to rat 
in the severity of monocrotaline-induced vascular 
damage or in the absorption characteristics of the 
orally administered SC-39026." While the two may 
certainly interrelate, the relatively uniform response 
in the untreated monocrotaline iqjected rats and the 
variability in SC-39026 absorption demonstrated in a 
similarly treated group suggfti that the latter may be 
a more likely explanation. 

Associated with the decreased pulmonary artery 
pressure at 2 weeks in monocrotaline iqjected rats 
treated with SC-39026, right ventricular hypertrophy 
was less as judged by the ratio of right ventricle to 
final body weight. That there was only a trend 
toward a decrease in the ratio of right to left ventric- 
ular weights is due, most likely, to the considerable 
overlap in values even with saline iqjected rats* 

In previous studies, we observed increased frag- 
mentation of the internal elastic lamina of more 
proximal and larger muscular pulmonary arteries , at 
4 days after iqjection of the toxin monocrotaline in 
association with endothelial damage. 7 This pre- 
ceded the development of medial hypertrophy and 
the increase in elastin synthesis 6 observed 16 days 
after iqjection. We therefore hypothesized that 
increased elastase activity was also important in the 
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FIGURE 6. Mean width of internal elastic lamina 
del) of Mar pulmonary arteries and proportion of 
medial elastic laminae. M, monocrotaline; V, vehi- 
cle; SC-I, ehstase inhibitor SC-39026; S, saline. 
Values are mean±SEM for each group. There were 
no differences between the four groups in the mean 
width of the tel. Quantification of elastic laminae of 
the media of the four groups. M rats have a 
decreased proportion of medial elastin relative to S 
rats ***p<OMl, (ANOVA) and in MISC-t (SC- 
39026), rats, there Is a trend apparent toward a 
proportion similar to that in S rats. The numbers (n) 
in each group are given in Figure 4. 
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pathogenesis of the increased medial wall thickness 
of more proximal normally muscular arteries. In the 
present study, however, we were unable to show a 
significant reduction in the severity of monocrotaline- 
induced medial hypertrophy with administration of 
the elastase inhibitor. We had anticipated that an 
increase in the proportion of elastic laminae in the 
media of the hilar pulmonary artery associated with 
a decrease in fragmentation might more sensitively 
reflect some degree of elastase inhibition. However, 
the difference comparing SC-39026 treated and non- 
treated monocrotfdine-iiqected rats was small and 
statistically insignificant. Thus, it seemed that a 
different mechanism or elastase may be responsible 
for medial hypertrophy. 

We wondered whether observation of the rats for 
3 weeks after injection of the toxin monocrotaline 
might reveal a more pronounced effect of the inhib- 
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FIGURE 7. Thickness of the media of the hilar pulmo- 
nary artery. M, monocrotaline; V, vehicle; SCJ, elastase 
Inhibitor SC-39026; S, saline. Values are mean±SEMfor 
each group. There is a significant difference between 
monocrotaline and saline groups, **p<0.0/ (ANOVA). 
The numbers (n) in each group are given in Figure 4. 



itor on medial hypertrophy and medial elastin. We 
did not, however, observe any significant difference 
in SC-39026 treated or untreated monocrotaline- 
iqjected rats. Moreover, the decrease in muscular- 
ization of peripheral arteries, pulmonary arterypres- 
sure, and right ventricular hypertrophy previously 
observed in SC-39026-treated rats at 2 weeks did not 
persist. It is possible that a higher or more constant 
level of inhibitor may be necessary to achieve a 
sustained response. This is currently being explored 
with the Searle company. We have not had success 
with an intravenous preparation because the com- 
pound crystallized (authors* unpublished observa- 
tions), so a food-admix is now being prepared. 

The source of the elastase , which may be involved 
in the muscularization of distal vessels, is not 
known. Since the inhibitor is specific for neutrophil 
elastase one might speculate that the neutrophils 
observed early in the lung are the source, but their 
appearance is transient and it is questionable whether 
they are related to the pathogenesis of the vascular 
changes particularly since animals such as mice, 
that have the greatest inflammatory response to 
monocrotaline do not develop vascular changes. 24 
The spectrum of elastase activity of vascular endo- 
thelial cells is not known, 29 and it is conceivable 
that, in response to the endothelial iqjury induced 
by monocrotaline, an elastase is released that would 
be inhibited by SC-39026. It has been shown that 
smooth muscle cells produce a serine elastase, 26 but 
it is not known whether it is inhibited by SC-39026. 

While neutrophils are observed early and tran- 
siently in association with monocrotaline iqjec- 
tion, the presence of platelets and microthrombi 
are even more evident, so platelet production of 27 
or interaction with elastase 28 may be important. 
An increased number of alveolar macrophages, 29 
are associated with the development and progression 
of nKHKxrotaline-induced pulmonary hypertension, 
but they produce primarily metaQoelastases. 30 
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■ad StmOural Measurements 3 Weeks after Injection of Monocrotalhic 



Cardiac 
Hemato- output 
Pressures Arterial blood gasscs ^ (ml/kg/ FBW 

OP Qi) PA Ao pH POa Fcth (%) mm) to) (fi) 



Right ventricular 
hypertrophy 

RV/ 

RV/LV FBW 



Extension of 
muscle {%) 



Wail 
thickness 
(%) 

Alveolar Alveolar 50-100 
(n) wall duct /un 



M/V (4) 38±3 104±3 7.41 ±.02 81 ±3 33±2 40±.6 
M/SC-I ffl 53±8 98±4 7,44±.02 75±9 33 ±1 39±.4 



439±32 (8) 337±7 0.44 ±.03 0.93 ±.06 (4) 64±10 83±6 7.9±0.9 
405±45 (11) 325±7 0.45±.04 0.91 ±,08 (4) 59±U 86±6 7.6±3.0 



OP, group; n, number; PA, pulmonary artery; Ao, aorta; FBW, final body weight; RV/LV, ratio of right ventricular weight to left 
ventricular* septal weight; M/V and M/SC-I, monocrotatme-iqjected rats treated with vehicle and SC-39026 inhibitor, respectively. 



While our study suggests an antielastase effect of 
SC-39026, it is possible that this compound alters 
the metabolism of monocrotaline in such a way as 
to make it less toxic. This seems unlikely since the 
degree of endothelial injury and subendothelial swell- 
ing we observed was similar in the treated and 
untreated monocrotaline-iiyected rats. An increase 
in the activity of angiotensin converting enzyme (a 
serine protease) has been observed in association 
with an early phase of monocrotaline pulmonary 
toxicity,"* 32 but SC-39026 has been shown to not 
inhibit this enzyme." 

We conclude that we have evidence in the 
monocrotaGne-iqjected rat model indicating that 
serine elastase may be associated with musculariza- 
tion of peripheral arteries leading to the develop- 
ment of pulmonary hypertension. Further in vitro 
and immunocytochemical studies will be necessary 
to establish the mechanism whereby elastase activ- 
ity in the small peripheral vessels leads to the 
differentiation of smooth muscle cells from precur- 
sor cells and especially whether this is related to 
degradation of the component of the basement 
membrane that is type IV collagen. Also, further 
studies will be necessary to show that the mecha- 
nism of induction of abnormal muscularizalion of 
peripheral arteries after monocrotaline is similar 
when chronic hypoxia is the stimulus or when this 
feature results from the high pulmonary blood flow 
and pressure produced by a congenital cardiac 
defect with a left-to-right shunt. 1 
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